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The program described herein was conducted by the Pratt &
Whitney Aircraft Division of United Aircraft Corporation,
East Hartford, Connecticut. Roger M. Hawkins was Project
Manager for Pratt & Whitney rcraft. The work was per-
formed wider management of NASA Project Manager Mr.
D.P. Townsend from June 1965 to November 1968, and was
completed under NASA Project Manager Mr. L.P. Ludwig of
the Fluid System Components Division at Lewis Research
Center.
Because of the quantity of data assembled in the course of
this program, it has been necessary to prepare the report in
two parts. Part I (NASA CR-72819)eontains the analytical
work performed on compressor end and interstage seals.
Part 11 describes the results of testing the compressor seals,
an analysis of two improved self-acting compressor seal de-
signs, and the analysis and testing of the stator pivot seals.
The authors wish to express their appreciation to Messrs.
C.A. Knapp, H.L. Northup, P.E. Nicholich, H. Schaffer,
P.R. Lawell, R.E. Turley, P.A. Rubenstein, and W.J. Walker
for their assistance in the preparation of material for this
report. Appreciation is also expressed to Mechanical Tech-
nology Incorporated for their assistance in conducting an
analytical program contributing to the feasibility analyses
of the seals developed under this contract.
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ABSTRACT
The results of the program are reported in two volumes. Part
1 covers screening studies and analysis on 28-inch diameter
seals (rotating), and Part 11 covers experimental work oil
28-inch diameter seals and on small vane pivot seals (oscilla-
tory). Analysis oil
	
diameter seals revealed that flex-
ible surfaces or high gas film stiffness was necessary to acconr
modate expected thermal and mechanical deformations. Math-
ematical models of general usefulness to seal design were devel-
oped. Dynamic testing of the four seals selected for evaluation
was limited by failure attributed to loss of dimensional toler-
ances. Based on results two self-acting seals were designed to
obtain reduced sensitivity to seal deformation. Stator pivot
seals were designed, fabricated and evaluated at temperatures
to 1000°F. Lower leakage rates than possible with current
seal design were obtained. Actuation torque was greater than
anticiapted.
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SUMMARY
This report presents the work accomplished under Contract NAS3-7005 from its initiation
" on 25 June 1965 to completion of the technical program on 23 October 1970. Specific ob-
^	 II
jectives of the program were to demonstrate the feasibility of gas-film riding compressor end
t,1 
and interstage seals and to demonstrate satisfactory stator pivot sealing. The resuits of this
program are reported in two volumes: Part I is entitiled Screening Studies and Analysis and
r Part 11 is entitled Experimental Data and Analysis. The pivot seal work is reported in Part 11.
Task I was a concept feasibility analysis program for compressor end seals and interstage
seals. The work of Task I was divided into a screening study and two sets of feasibility
r'
.; analyses. The screening study determined the most promising concepts and the feasibility
analyses examined the better concepts in some detail. At the end of the first set of feasibility
analyses it was recognized that seat tracking was of critical importance. Estimates at that
time indicated that the combined effects of manufacturing tolerances, thermal distortions
r ` and mechanical distortions would produce a maximum' runout of 5 mils in the seal runner,
while gas film thickness was estimated to be a nominal 1 mil. These conditions implied that
the seal would have to be extremely flexible to conform to runner waviness, or that the gas-
film stiffness would have to be extremely high to support the seat at the high points of the
'.: runner. The analyses revealed that the combined hydrostatic-hydrodynamic (hybrid) gas
film provided the highest stiffness for the operating range. Therefore, variation of the
hydrostatic-hydrodynamic concept was used in all selected designs.
In the course of this program it was necessary to identify and analyze seal problem areas
' which had received little attention in previously published work on seal technology.
r,
Mathematical models that have general usefulness in seal technology were developed and
analyzed for the following problem areas:
I	 Primary ring tracking of seat face runout
2.	 Self-acting seal geometries
" y 3.	 Sear dynamic axial motion (vibration)
r te,. 4.	 Minimum gas film thickness as related to deformation and dynamic effects
w 5.	 Leakage and pressure distribution over a narrow seal dam.
Much of the above mathematical analysis is in the form of computer programs and are re-
posed in detail in the semi-annual reports. In particular, the self-acting seal computer pro- .;
l : gram is now being used by various seal manufacturers.
Analysis revealed that the segmented (floated-shoe) seals provided the highest degree of
' flexibility. Two concepts were recommended and accepted for final design and testing: TM,
These two concepts were termed the one side floated shoe end seal and one side floated
shoe interstage seal.
F
t
{ Two continuous ring seals were ralso recommended' and accepted for final design and testing.
lhese concepts were termed the ()C diaphragm end seal, and the semirigid interstage seal.
AM
f
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,.:
	 The four seal concepts recommended were subjected to a final design study and fabricated.
These seals were 27 to 28 inches in diameter and therefore suitable for application to com-
pressors in large engines. Static and dynamic test rigs were also designed and fabricated for
experimental evaluation of the seals. Static tests covered overall seal leakage rates, secondary-
seal leakage rates, static lift-off characteristics, and the dimensional stability of'seat compo-
nents under representative pressure loadings. In addition, the effects of actual manufacturing
tolerances on seal behavior were evaluated.
fie•,
Dynamic testing of the seals was limited by mechanical failures of the seals resulting from
difficulties in obtaining and preserving the necessary dimensional tolerances. Since the basic
design analysis techniques developed under the program have been applied successfully in
smaller seals, it was concluded that the feasibility of large gas-film seals depends on the
following: (a) decreasing seal deformation and tolerance variation through improvements
in seal design, manufacturing and material dimensional stability; (b) decreasing seal sensitivity
to face deformation.
In the final part of the program two self-acting seal concepts were designed and analyzed for
performance. The self-acting concepts were selected because testing on mainshaft seals re-
vealed: (a) that the self-acting concept was far less sensitive to face deformation than hydro-
static seals and (b) that it had a performance capability far greater than conventional face
seals currently used. (This analysis is reported in Part 11.) Rotors for these self-acting seals
were fabricated and manufacturing of the remaining seal structure is under Contract NAS3-
14409.
Task III was a feasibility analysis of stator pivot bushing and seal concepts. Twelve different
concepts were screened, but ten of tl ese were discarded because of excessive leakage, the
effects of dirt, the effects of load deflection, inherent reliability, weight, space, design sim-
plicity, and other considerations. Feasibility analyses were conducted for a single-bellows
concept and a spherical-seat concept: the results showed that both had the potential to pro-
vide substantial improvement over the baseline seal. Both concepts were approved for final
design and testing under Task IV.
Task IV provided for final design and procurement of two seals of each design, design aid
fabrication of a test rig, and experimental evaluation of the seal assemblies. The seals were
subjected to a test program which simulated takeoff for 20 hours and cruise for 20 hours.
Later, the seals were subjected to a cyclic endurance run of 40 hours. The takeoff and
cruise simulations provided conditions typical of advanced engine designs. Both the single-
bellows seal and the spherical-seat performed well, but the spherical-..seat seal produced
somewhat higher leakage and was more subject. to wear. It was found that both designs re-
quired a ,
 rather high actuation torque, and further development to reduce the torque is re-
commended.
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1. STATIC TEST FIXTURES
Two static test fixtures were designed and fabricated to perform room-temperature static
tests oil
	 compressor end and interstage seals. One fixture was provided for the interstage
seals (see Figure 1) and the other fixture was provided for the end seals ( Figure 2). The fix-
tures allowed visual examination of the bore of each seal, and permitted measurement of
pressures in the seal cavities. Adapter rings were provided with the fixtures to allow air leak-
age past the secondary piston rings to be measured separately from all other leakage paths.
The static fixture back plates (simulating the seal runner) were manufactured flat and true
within practical manufacturing tolerances to represent the best practice expected in an air-
craft engine. Photographs of the static fixtures are shown in Figures 3 and 4.
LOW PRESSURE AIR	 "O" RINGS
	 ADAPTER RING
Figure 1	 Cross Section of Fixture for Static Test of the One-Side Floated-Shoe
Interstage Seal
PAGE NO. 1
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Figure 3
	
End Seal Static Fixt Lire (XI'N-14195)
6
1 * -t -
PW'A-4059
Figure 4	 Interstage Seal Static FIX[Ure (XPN-14193)
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H. COMPRESSOR SEAL TESTING
IN STATIC FIXTURES
Task VII of the program provided for room-temperature static tests of the four compressor
seals designed and manufactured under Tasks I and II of this contact. Pratt & Whitney Air-
craft investigated overall seal leakage rates, secondary-seal leakage rates, static lift-off charac-
teristics, and the dimensional stability of seal components under representative pressure load-
ings. In addition, the effects of practical manufacturing tolerances on seal behavior were
evaluated, providing a basis for judgements as to the tolerances and inspection techniques re-
quired for successful compressor seals of the gas-film type. The static test fixtures for this
work were provided under Task VI of this contract.
rte«	 ,
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A. ONE-SIDE FLOATED-SHOE END SEAL
The design and fabrication of the one-side floated-shoe end seal are described in Part I of this
:	 report. Under Task VI, the static fixture was fabricated to permit several checks on the test
seal which could not be performed in the test rig. The static test fixture was designed to allowj	
visual examination of the bore of the seal (including the seal shoe segments) and to allow the
.	 measurement of pressures and pressure drops in various regions of the seal. An adapter ring
was designed for the fixture to allow a separate measurement of the leakage past the secondary
seal piston ring. The fixture was also supplied with internal illumination to allow visual
checks to ensure that there were no gross leakage paths past the primary or secondary seals.
For the first test of the one 	 floated-shoe end seal in the static test fixture (Figure 2) am-
bient air calibration runs were made to determine whether the fixture would duplicate the
rig conditions. The results, which are compared with rig results in Figure 5, show that the
fixture provided data very similar to that from the full-scale test rig. Figure 5 also shows the
corresponding apparent air-film thickness as measured by the proximity probes.
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As pressure was gradually increased, the seal carrier ring suddenly moved axially about 1/8
inch away from, the seal runner. A corresponding jump occurred in the reading of the prox-
imity probes. This jump is illustrated in Figure 5. Because the seal segments were not
attached rigidly to the carrier, their movement was much less than the carrier's. When pres-
sure was reduced, the carrier returned to its normal position. The jump away from the seal
runner was explained as the result of excessive leakage, causing a pressure imbalance result-
ing in a new force pushing the seal carrier ring back.
A 2-mil feeler gauge was used to check the separation between the shoe seal segments and the
seal runner. The gauge could be inserted at the inner edge of the shoes and pushed halfway
across the shoe t )ward the outer edge, indicating that the shoes were tilted An attempt was
made `o observe the tilt by shining a light on the outer edge of the shoe and observing the slit
light pattern at the inner edge. However, no definitive conclusions could be drawn from the
light patterns because of slight surface irregularities and edge diffraction effects.
Tactile examination of the leakage flow indicated excessive flow through the shoe low-pres-
sure vent holes, and a lesser flow through the primary seal interface. The secondary seal piston
ring with the rectangular cross-section had no discernible leakage.
The seal was removed from the fixture and disassembled. As shown in Figure 6, dust imprints
of the shoe seal segments were clearly outlined on the fixture, with a heavy concentration
about the outer edge. These dust imprints confirmed that the shoes were tilting in such a
manner that a gap was created between the inner edge of the -jes and the seal runner.
r,
r^
4
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Figure 6	 Dust Imprints on the Seat from the One-Side Floated-Shoe End Seal
(CN-16704)
To alleviate the tilting, a segmented thrust ring was fabricated to replace the one-piece ring
formerly in use (see Figure 34, p. 27). The new segments allowed the beveled thrust rings
to align themselves with greater precision. This change also allowed the spring radial load
component against the shoe to be directed more positively toward the two secondary seal.
pads. In addition, eight low pressure vent holes were added to the existing three low-pressure
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vent holes in each of the 24 shoes, 96 high-pressure bleed holes were added to the seal
carrier ring, and the existing 48 high-pressure bleed holes were enlarged. However, a second
test in the static fixture revealed that these modifications did not result in any significant
reduction in static leakage (see Figure 7).
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Figure 7 Ambient Air Calibrations of the One-Side Floated-Shoe End Seal
After the second test in the static fixture the seal was disassembled; inspection showed that
key dimensions of the floated shoes were out of tolerance. At the same time, analysis of the
seal showed that the widths of the secondary seal pads should be reduced to improve moment
stability. Individual moment balances were calculated for each shoe, and the secondary seal-
ing pads on the shoes were nickel plated and machined to achieve the calculated balance.
This rework was planned so that minimum number of surfaces were remachined and so that
machining the hardcoated surfaces was avoided, since the hardcoat was susceptible to chipping.
Figure 8 is a plot of the shoe's residual moment as a function of seal differential pressure.
With the range of tolerances specified for the shoe rework, the residual moment on the shoes
was between 0 and 0.005 in-lb/in at a seal pressure differential of 80 psi At lower seal pres-
sures, the residual moment became more positive, causing the primary seal film angles to in-
crease in the convergent direction. Higher seal pressures cause divergent film angles. Con-
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vergent film angles increase the opening force on the seal so small convergent angles are more
desirable than small divergent angles. However, high film angles in either direction are detri-
mental to seal performance.
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Figure 8
	
Residual Moment in the One-Side Floated -Shoe End Seal
The magnitude of the primary film angle can be estimated from a curve of restoring moment
versus secondary seal film angle (or shoe rotation). Such . a curve is shown in Figure 9 for
a seal pressure differential of 80 psi, which corresponds to cruise power at altitude. The
restoring moment increases linearly with shoe rotation to a point where the edge of the
secondary seal is in contact with the carrier. This contact occurs at an angle of 0.59 milli-
radian and a moment of 0.006 in-lb/in. At higher shoe angles, the moment stiffness is much
greater, as indicated by the curve labelled "Restoring Moment with Secondary Step Seal
Edge Contact" in Figure 9. The slope of this curve varies with pressure across the seal, so
that Figure 9 does not represent shoe angles at any other pressure. The moment stiffness
varies linearly with pressure; however, the shoe angles at sea-level idle and sea-level take-off
conditions were estimated to be 0.89 and.-0.61 milliradian, respectively, The edge contact
force will be 0.2 lb/in at both conditions. This level of edge contact load was not considered
to be excessive for limited periods of operation;
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Secondary Step Seal Restoring Moment and Edge Contact Force in the One-
Side Floated-Shoe End Seal
The refinishing was successful in reducing air leakage past the seal by an appreciable amount,
as shown in Figure 7, An adapter ring was used to determine the leakage rate of the secon.-
dary piston-ring seal by sealing off all other leakage paths through the seal. Data from this
test showed that the leakage rate past the piston ring was greater than the calculated value,I
	
	 but not of such magnitude as to adversely affect seal' performance. The results of this test
are shown in Figure 10. Following the test, the-seal _was prepared for installation in the
full-scale test rig.
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B. ONE-SIDE FLOATED .HOE INTERSTAGE SEAL
A schematic drawing of the one-side floateot-shoe interstage seal is shown in Figure 79, p. 56.
Like the end seal, static leakage past the c(ne-side floated-shoe interstage seal in the as-received
condition was too high to permit dynamc testing. To reduce the high static leakage, the in-
terstage seal was modified in much the lame way as the end seal: the thrust ring was seg-
m-nted, vent holes were added to the;shoes, existing bleed holes in the seal ring holder were
enlarged, and additional holes were machined in the holder. Unlike the end seal, these modi-
fications succeeded in substantially reducing static leakage, as shown in Figure 11. However,
the improvement was not sufficient to reduce static leakage to the predicted level.
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Figure 1 '1 Room-Temperature Static Calibration of the One-Side Floated-Shoe Inter-
stage Seal in the Static Fixture
In order to increase the moment stability of the seal, it was decided to reduce the width of
the 24 secondary sealing pads (Reference 15). To improve the moment balance, the critical
dimensions of each of the 24 seal shoes were measured and they were individually moment
balanced. Moment corrections were made by adjusting the axial positions of the secondary
sealing surfaces. In performing the required, machining, shoe slopes were held to 0.5 milli
radian or less. In addition, the outer seal carrier ring was measured and found to be out of
tolerance. It was plated and ground to the correct dimenions.
After reassembly of the seal, testing M the static fixture showed that leakage had notchanged
materially from that shown on the curve labelled "Modified Seal Static Leakage" in Figure
11. At that time, it was decided that the seal was _acceptable for dynamic testing.
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C. SEMIRIGID INTERSTAGE SEAL
After receipt of the semirigid intgrstage seal, the proximity probes were installed in the seal
at Pratt & Whitney Aircraft and the seal was subjected to static testing. Leakage was found
to range from 0.008 to 0.012 lb/sec higher than predicted, as shown in Figure 12. The cal-
culated static film thickness at room temperature was 0.46 mil at a seal pressure differential 	 0
of 50 psi and the corresponding calculated total leakage was 0.024. Actual leakage at 50 psi
	
h L?;
	
was 0.038 lb/sec, and the proximity probes indicated that the seal was not lifting off the seal
	
:d
	 plate. Feeler stock 1 mil thick could not be inserted between the primary sealing surfaces at
the inner edge.
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floated on the springs, and a second measurement for waviness indicated no significant change
in the wave shape or magnitude. The similarity is evident in Figures 13 and 14.
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Figure 13 Semirigid Interstage Seal Sealing Face Runout, Restrained
In an effort to reduce waviness, weights of approximately 11.2 ounces each were set on the
primary seal element at 24 equally spaced locations. The total weight compressed the springs
to an operating length of approximately 0.904 inch. Three equally spaced points on the seal
surface were used to define a reference plane, and seal surface runout was plotted with respect
to that plane. The original runout (or waviness) is shown in Figure 15. A number of trials
	 + .
were made,	
=he maximum and minimum	 •	 points bet lo
cations .
dds
 laced around the circumference  of heap ^h
the springs
	 mg ps al face,	
..I
i indicating  thatthe seal runout was sensitive to the spring locations and loads. Several spare 	 s }
coil springs were shortened to replace springs which produced localized high loads in areas of
maximum runout. As shown hi Figure 16, it was possible to reduce primary seal element face
rout from its original value of 4 mils FIR to 2 mils FIR.	 }r x
A . surface inspection of'theseal-date from he static fixture revealed a high runout of 4 mils
within a small area 'of the ix*m This area was reground to produce a total runout of 0.7
mil FIR.,
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w
A second test of the semirigid interstage seal in the static fixture showed that the reductions
in seal
	
materially
athat liftn
al nc
t on with the proximity x m t 	 and bothindicated	 -off had not been achieved,
 
'Ji . though the static testing covered the full design range of pressure differentials.
The failure to achieve seal lift-off in the static fixture was apparently caused by waviness in ',{I
» thd primary seal element and the seal plate. At the time of the static testing it was recognized
that the waviness could lead. to destructive rubbing contact of the mating surfaces when the
sear was tested dynamically. Contact forces in the wavy seal increase with increasing pressure
^
} Ly 1. i
'
-	
-
drop until the air-film stiffness becomes great enough to reduce seal distortion and return they,
contact force to zero. The maximum contact force and the pressure at which that force occurs
vary directly with wave height and inversely with wave length of the seal distortion. However,1 
a '^E^,	 • ' '	 g 	 high rotational speeds (a predominantly hydrodynamic><t was judged that testin  at relatively
regime) would provide a seal closing force primarily due to spring loading (not hydraulic load-
irg), and that this load could be supported by the air-film load capacity.
F Figure 17 describes the dimensionless load capacity (W) of the seal air film as a function of
= ' film thickness and surface speed at a pressure drop of 10 psi. The theoretical film thickness
for perfectly parallel seal faces is determined by calculating the dimensionless closing force
r from the balance geometry, pressure drop, and spring load and equating it to the film load
capacity from Figure 17. At a pressure drop of 10 psi and a spring load of 31 pounds, the
K
dimensionless load capacity is 0.90 and the flan thickness varies from 0.53 mil at 100 ft/sec 1
to 1.03 mil at 850 ft/sec. The minimum film thickness, however, depends on the waviness
b
` of the seal surfaces; and is at least 0.5 mil less than the average film thickness. On this basis; f
it was decided to proceed with dynamic testing of the semirigid interstage seal.
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D. OC DiAPHRAGM END SEAL
"" t
•i.,.
After receipt of the OC diaphragm end seal, proximity probes were installed and calibrated
by Pratt & Whitney Aircraft. The primary OC suha-^sewhly was removed from the carrier
and axial runouts of the seal face were measured as shown in Figure 18. The seal was reas-
sembled and installed in the static fixture. Testing in the static fixture showed that the air
leakage rates at seal pressure differentials up to 150 psi were approximately twice the calcu-
lated valut's, as shown in Figure 19. Readings from proximity probes showed that the air
film thickness increased to 0.8 mil as seal pressure differential was increased to 150 psi.
These readings indicated the possibility thai the seal had lifted off the mating surface of Ili,
fixture. Feeler gauge measurements revealed that the thin-strip primary seal face achieved
good conformity to the fixture surface: at a pressure differential of 20 psi it was impossible
to insert a 1-mil feeler gauge between the seal face and the mating surface.
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Figure 18 Axial Runout on the Face of the OC Diaphragm End Seal
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Figure 19 Static Calibration of the OC Diaphragm End Seal
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111. FULL-SCALE DYNAMIC
TEST RIG
A full-scale test rig was designed and fabricated to evaluate the four selected end and inter-
stage seals under simulated engine conditions. The rig is shown mounted on the rig trans-
porter in Figure. 20 and installed in the test stand in Figure 21. It simulates the last stages
of a full-scale compressor, including the supporting members, bearing system, and thermal
gradients.
Figure 20
	
Compressor Seat Test Rig Mounted on Rig Transporter (CN-13744)
mss.
Figure 21	 Compressor Seal Test Rig Mounted in Stand (CN-14690)
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Figure 22
	 Test Rig Seal (XP-82832)
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A.. FRONT BEARING COMPARTMENT
The front bearing compartment was designed to provide easy access to the test seal without
compromising the simulation of the compressor. For example, the oi! scavenge system was
designed so that the oil lines would not interfere with the removal of the outer case for seal
measurements. A heat shield was provided to protect the carbon rig seal (see Figure 22)
from the high temperatures anticipated in the test compartment. The function of the rig
seal is to force cooling air through the rotor after it enters the rig. The front bearing supports
for the main rig thrust bearing are shown in Figure 23. A 24-channel slip-ring assembly
adjacent to the front bearing compartment was used to monitor hub, primary ring and disk
temperatures. The disk is shown in Figure 24. A deflection adapter for the cantilevered
section of the slip ring was incorporated into the design, with provisions made for alignment.
Figure 23	 Front Bearing Support for Main Rig Thrust Bearings (XP-84232)
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Figure 24
	
Test Rig Front Disk (XP-82832)
B. THRUST BEARING COMPARTMENT
The seal rig thrusi-bearing compartment was an adaptation of an existing duplex bearing
and seal configuration which had been very reliable in experimental testing and field service.
The bearing compartment and gearbox were designed with a common oil supply, eliminating
the need for a carbon face seal to separate the two areas. The common oil-system included
both scavenge and breather systems. The rig face seal was replaced by an O-ring.
The design also incorporated a double-acting piston arrangement on the rear set of thrust
bearings to compensate for the high thrust loads from unbalanced rotor forces. This device
used air from a rig compartment, eliminating any need for a separate air supply and regulator.
Because of high operating loads, bearing temperatures were monitored through thermo-
couples at the outer races. Figure 25 is a frontal view of the rear disk, and shows the spacer
element of the disk with its instrumentation grooves. Figure 26 is a ;ear view of the inter-
disk spacer. The surface of the interstage seal runner can also be seen in this photograph.
C. ROTOR
The rig rotor was designed to accommodate the runners of any of the four test seals. The
rmals, thrust loads, Poisson's effect, and the elastic growth of
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Test Rig Rear Seal (XP-82833)
Figure 26	 Test Rig Interdisk Spacer (XP-82834)
Each rotor part underwent an individual detail balance. The disks were balanced by end
drilling at the outer circumference, while weights were added to hubs and spacers for balance
purposes. The front hub of the rotor is shown in Figure 27 with the rig air seal attached.
Figure 28 shows the rear hub with balance weights attached. Figure 29 presents a view of
the end seal disk with the seal face up, while Figure 30 shows the same part with the seal
down.
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Figure 27
Test Rig Front Assembly
1. Front Hub
2. Rig Seal
3. Counterweight
(XP-83360)
Figure 28
Test Rig Rear Assembly
1. Rear Hub
2. Counterweight
(XP-83361)
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Figure 29
	
Test Rig End Seal Disk with Seal Face Up (XP-83362)
;ohm-
r
Figure 30
	 Test Rig End Seal Disk with Seal Face Down (XP-83363)
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In order to control vibration in the test rig, the rotor was assembled in three stages. Ill the
first stage, the individual parts were statically balanced, and the location and magnitude of
the residual imbalance was masked on the parts. Ir_ the second stage, the parts were
assembled vectorially in order to ensure that all or most of the residual imbalance would
not be stacked up in the same direction. This step was intended to reduce the size of the
final dynamic balance correction and to reduce the dynamic loads within the rotor, since
such loads would tend to force the rotor out of shape at operating speed. In the third stage,
the assembled rotor was dynamically balanced, bringing the residual imbalance to an amount
considered acceptable by design analytical studies.
D. OUTER CASE
The rig outer case was designed to withstand the rig operating pressures, temperatures, de-
flections and loads. It was fabricated from Inconel-718 rings (AMS 5662), and welded
together. A gooseneck configuration was designed into the case support to provide constant
contact with the bearings that allow the required axial travel of the case with respect to the
rotor. The axial travel actuator consisted of a mounting ring attached to the outer race of
a bearing supported outside the rig case. The cutouts for the supports are shown in Figure
31. The rear case and sliding support are shown in Figures 32 and 33.
Figure 31
	 Test Rig Front Case (XP-83364)
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Figure 32
	 Test Rig Rear Case (XP-83876)
Figure 33
	 Sliding Support for Test Rig Case (XP-83871)
PAGE NO. 26
I
0If
PWA-4059
IV. COMPRESSOR SEAL TLSTING IN 'THE FULUSCALE DYNAMIC TEST RIG
A. TESTING OF THE ONE-SIDE FLOATED-SHOE END SEAL
The one-side floated-shoe end seal is a face seal consisting of a ring of 24 seal shoe segments
acting against a rotating surface (the seal runner) attached to the compressor rotor. Figure
34 is a schematic drawing of the seal. The surface of the seal runner was flat. The primary
seal interface was between the nonrotating ring of shoes and the runner surface, and the leak-
age flowed radially inward through the seal. Secondary seals were provided between the shoes
and the carrier ring at the secondary seal pads and the one-piece thrust ring. Another secon-
dary seal was provided between the seal carrier ring and the seal mounting ring at the location
of the secondary seal piston ring. The assembled seal unit is shown in Figures 35 and 36.
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Figure 34
	
Schematic of the One-Side Floated-Shoe End Seal
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Figure 35	 One-Side Floated-Shoe End Seal (CN-14385)
Figure 36
	
Side View of the One-Side Floated-Shoe End Seal (CN14386)
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1. ROOM TEMPERATURE DYNAMIC TESTING
At the test stand, the seal's breakaway torque was measured. It \\,IS found to be 200 in-lbs
with no pressure differential across the seal. Breakaway torqti^: i, the amount of torque re-
quired to overcome the friction force between the seal and the seal runner at startup. The
capacitance probes were calibrated. The calibration curves are shown in Figure 37.
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Calibration of the Capacitance Probes
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The seal was tested at speeds up to 3400 rpm (400 ft/sec) with a pressure differential of 65
to 70 psi across the seal. Visual observations made during the test included an oscilloscope
display of the capacitance probe signal. The display was photographed at intervals of 100
revolutions of the seal runner.
The test was conducted by accelerating slowly from zero speed to near idle speed with a con-
stant 65 to 70 psi pressure drop across the seal. At 3400 rpm the rig was shut down because
of an abnormal rise in temperature at the primary seal face and because of the failure of one
of the two capacitance probes used to monitor separation between the rotor and the seal shoes.
Visual inspection of the seal through an open air-hose fitting revealed extensive damage to
the mating surface of the primary ring and the runner. Further dynamic testing of the seal
was suspended.
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Examination of the data recorded automatically during the test revealed several rapid temper-
ature excursions that resulted from heavy nibbing contacts. As Figures 38 and 39 indicate,
the seal appeared to be running satisfactorily for the first 199 seconds of the run. At that
point in time, the seal runner was rotating at 2993 rpm, and the body thermocouples in the
runner head began to show very rapid local temperature fluctuations and a general temper-
ature rise. The temperature of the shoes started to increase approximately 12 seconds later.
Photographs of the oscilloscope display of the capacitance-probe signals (Figures 40 through
43) indicate shoe separation from the runner at the probe location and show the effects of
rotation on film thickness. (Note that the probe output varied at different positions of the
runner).
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Dynamic Calibration of the One-Side Floated-Shoe End Seal, Last 24	 II
Seconds of Test Run
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Figure 39
	
Dynamic Calibration of the One-Side Floated-Shoe End Seal, Complete
Test Run
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Figure 40
	
011e-Side Floated-Shoe End Seal: Capacitance Probe Outputs, 0 RPM,
Seal Pressure Differential 70 PSI (XP-98590)
Figure 41	 One-Side Floated-Shoe End Seal: Capacitance Probe Outputs, 950 RPM,
Seal Pressure Differential 70 PSI, Sweep Time 10 Milliseconds/cm
(XP-98593)
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Figure 42	 One-Side Floated-Shoe End Seal: Capacitance Probe Outputs, 1700 RPM,
Seal Pressure Differentiai 70 PSI, Swe_p Time 10 Milliseconds/cm
(XP-98501 )
Figure 43	 One-Side Floated-Shoe End Seal: Capacitance Probe Outputs, 3000 RPM,
Seal Pressure Differential 70 PSI, Sweep Time 5 Milliseconds/cm (XP-98592)
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2. POST-TEST INSPECTION
When the seal had been removed from the rig and inspected, it was found that the aluminum
oxide hardcoat oil seal shoes had worn to the bottom of tLe Rayleigh pads or beyond at
60 percent of the pad locations. The wear is shown in Fig!ires 44 through 46. The probe
in shoe segment Number 7 failed by shorting out at approximately 200 seconds into the nun.
Upon inspection, the tip of the probe was found to be heavily smeared.
The chrome carbide hardcoat on the seal runner exhibited an uneven wear track. In some
locations there was almost no wear, while in others the hardcoat had worn to a depth of ap-
proximiately 0.006 inch. Wear on the runner is shown in Figures 47 through 49. After
the test, the mounted runner surface was found to have an axial runout of 0.012 inch, a value
larger than that which the seal's dynamic characteristics could tolerate. The runner wear and
axial runout measurements in a free state are shown in Figure 50. The high degree of rotor
face waviness and out-of-flatness can probably be explained by localized heating incurred
during the dynamic test. The subsequent local material removal could have aggravated the
deformation by relaxing the residual stresses present from the chrome-carbide hardcoating
operation. Before the test, the runner surface was found to be parallel to surface E (see
Figure 50) within 0.0005 inch, and the axial runout of the runner mounted in the rig was
found to be O.O035 inch.
F'irire 44
	
One-Side Floated-Shoe End Seal After Dynamic Calibration
	
(CN-20328)
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Figure 45	 Close-up of Relatively Undamaged Seal Shoe after Dynamic: Calibration of
One-Side Floated-Shoe End Seal 	 (CN-20329)
Figure 46	 Close-up of Badly-Worn Seal Shoe after Dynamic Calibration of One-Side
Floated-Shoe End Seal	 (CN-20330)
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Figure 47
One-Side Floated-Shoe
End Seal Runner after
Dynamic Calibration
(CN-20333)
R
CK
Figure 48
Close-up of Lightly-Scored
Area on Seal Runner after
D} .iamic Calibration of
One-Side Floated-Shoe
End Seal
(CN-20331)
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Figure 49	 Close-Lip of Badly-Worn Area on Seal Runner after Dynamic Calibration of
One-Side Floated-Shoe End Seal	 (C N-20332)
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FigurE 50	 Wear and Runout on the Runner of the One-Side Floated-Shoe End Seal
after Dynamic Calibration
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B. TESTING OF THE ONE-SIDE FLOATED-SHOE INTERSTAGE SEAL
The one-side floated-shoe interstage seal is similar to the end seal except for structural differ-
ence~ needed to adapt the seal specifically to the interstage position. The seal face consists
of a ring of 24 shoe segments acting against a rotating surface (the seal runner) attached to
the compressor seal rotor (Figure 51). The primary seal interface was between the nonrotat-
ing ring of shoes and the rotating runner surface, and the leakage flowed radially inward
through the seal. Secondary seals were provided between the shoes and the carrier ring at
the secondary seal pads and the one-piece thrust ring. There was another secondary seal
between the carrier ring and the seal mounting ring at the secondary-seal piston ring. The
assembled unit is shown in Figures 52 and 53.
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Figure 51
	
Schematic of One-Side Floated-Shoe Interstage Seal
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Figure 52
	
Overall View of Air-Film-Riding Sealing Face of One-Side F loated-Shoe Inter-
stage Seal ( WCN-48)
i
Figure 53
	 Close-up View of Front of One-Side Floated-Shoe Interstage Seal, Showing
Proximity Probe and Anti-Torque Pin with indexing Slots (WCN-50)
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1. ROOM TEMPERATURE DYNAMIC TESTING
Axial surface runouts of the runner were measured and the seal was installed in the full-scale
rig for dynamic testing. The surface was flat but was not square with the rotor centerline,
producing a one-mode wave form (Figure 54). The rotor was installed in the rig and a seal
compression of 0.124 inches was set.
Breakaway-torque measurements made at the rig during static testing indicated that hydro-
static lift-off was not achieved, since no drop in torque was noted when the seal pressure
differential was increased. At a seal pressure differential of zero psi, the breakaway torque
was 65 inch-pounds.
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`	 Figure 54
	
Pre-Test Axial Runout of One-Side Floated-Shoe Interstage Seal
During the room-temperature dynamic testing, a pressure differential of approximately 5 psi
was maintained. This pressure was selected in order to provide hydrostatic lift at the secon-
dary seal pads without locking the primary seal face against the runner. Rotor speed was in-
creased rapidly to lift the shoes off of the runner hydrodynamically. Rotor temperatures
increased during acceleration and the run was discontinued after reaching 62UO rpm (770 ft/
sec), when the temperatures spiked to levels in excess of 500°F. Figures 55 through 5P are
'	 photographs of the oscilloscope display of the capacitance probe signal. Since the rotor
i	 temperatures were caused by bbing, the gap which the probe seemed to indicate was
F	 probably caused by tilting of the shoe. After a short period of running the probe shorted out.
Figure 59 is a calibration curve for the probe.
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Figure 55
	
One-Side Floated Shoe lnterstage Seal: Capacitance Probe Outputs 0 RPM,
Seal Pressure Differential 4.6 PSI
Figure 56	 One-Side Floated-Shoe lnterstage Seal: Capacitance Probe Outputs, 1910
RPM, Sweep Time 10 Milliseconds/cm
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Figure 57	 One-Side Floated-Shoe Interstage Sell: Ca pacitance Probe Outputs, 3500
RPM, Sweep Time 5 Milliseconds/cm
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Figure 58
	 One-Side Floated-Shoe Interstage Seal: Capacitance Probe Outputs, 6200
RPM. Sweep Time 2 Milliseconds/cm
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Figure 59 Calibration of the Capacitance Probe in the One-Side Floated-Shoe Interstage
Seal
Reduction of the automatically recorded data showed that there were several rapid tempera-
ture excursions above 2000 rpm and that the seal pressure differential dropped from the
initial 4.6 psi to 0.8 psi. An apparent voltage surge in the recorder supply line caused the
recorder to be inoperative for thirty seconds. This occurred approximately 60 seconds
into the run and about the same time as the first temperature excursion. Figure 60 is a
chronology of the test run
2. POST-TEST INSPECTION
The wear pattern of the interstage seal was very similar to the wear pattern of the one-side
floated-shoe end seal. The primary sealing face on all shoes was worn down to or below the
Rayleigh pads, which were one mil deep. Figure 61 shows two views of the seal after testing.
Wear at the outer edge was from zero to two mils deep and wear at the inner edge was four
four to seven mils deep, indicating that the shoes had tilted. Axial runouts of the runner
after testing are shown in Figure 62.
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Figure 61	 One-Side Floated-Shoe Interstage Seal after Dynamic Run
(CN-27095, 27097)
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Figure 62	 Post-Test Axial Runout of One-Side Floated-Shoe Interstage Seal
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C. TESTING OF THE OC DIAPHRAGM END SEAL
The OC diaphragm end seal (Figures 63 and 64) employed a thin, flexible, one-piece strip
as the primary seal element, providing a high degree of conformity to runner distortion. The
primary seal ring was supported by three C-shaped semitoroidal diaphragms mounted on a
floating seal carrier ring. This carrier ring provided for axial travel relative to the main en-
gine structure, and a secondary seal piston ring was used between the carrier and the seal
mounting ring. One of the C diaphragms formed a seal between the high-pressure and low-
pressure areas. The other two C diaphragms faced each other and formed a chamber to which
high-pressure air was admitted. This design permitted direct balancing of the moments on
the thin strip. Thickness could be decreased with this design, and flexibility and tracking
capability could be increased. Compared to other thin-strip designs, low residual-moment
imbalance was easier to achieve because the moment balance was achieved with methods
which were more nearly independent of angular displacements of the strip.
-	 ENGINE CL
DIRECTION OF SEAL
DISK	 RUNNER ROTATION
WITH RESPECT TO SEAL. FACE
t
SEAL FACE	 RAYLEIGH'PADS
INNER	 ED ANNULUS FOR LOW PRESSURE
O	 O
PAD	
- VENTING
OUTER
PAD
SPIRAL GROOVES
l Y ROTATING PARTS
STATIONARY PARTS
	
-
SEMITOROIDAL DIAPHRAGMS
• LOW-PRESSURE AIR	 -
;,.. _¢¢.r.1 SEAL CARRIER RING
PRIMARY SECONDARY SEAL
'
...,,.,.
k SEAL PISTON RING
ELEMENT..
1 SEAL MOUNTING RING
SEAL LOW-PRESSURE VENT HOLES
	 -
`` RUNNER
rrn
-	 'i;^• f	 a	 .. HIGH-PRESSURE. •
s. t
AIR CASE
IMAIN ENGINE ..
HIGH-PRESSURE STRUCTURE)
BLEED H04E -
_ ANTI-ROTATION
PIN; SPRING LOCATION
Figure	 63 Schematic of OC Diaphragm End Seal	 a
PAGE NO, 47
60
DM J
2 i
iT x	 KC C
J C
0
X 0
Q
q	 I	 f- ^ ­^T,,	
_F
I IN FROM 00
it
120	 180	 240	 300
	
360bO
/A. 1W
PRATT & WHITNEY AIRCRAFT
!^7
17
.4 71% ILI
Figure 64 OC Diaphragm End Seal (XPN-1 249=0
ROOM TEMPERATURE DYNAMIC TESTING
Axial r111011t of the runner was measured (Figure 65) and the seal was installed in the rig. A.
compression of 0.200 inch was established on the seal at the test stand. Seal breakaway torque
was determined to be 100 inch-pounds at a zero pressure differential. Pressure differentials were
applied, and additional checks were made to determine if static seal lift-off was achieved. These
checks were made by calibrating rig bearing start-up torque from seal breakaway torque. If
lift-off had occurred, there would have been a significant drop in torque, but the rotor could
not be rotated by applying 1035 inch-pounds of torque at pressure differentials from 10 psi to
120 psi. It was apparent that the seal had hydraulically locked against the rotor and had to be
tested at low pressure differentials to prevent damage to the seal antirotation devices.
The seal pressure differential was set at 5 psi and the rig was accelerated to about 6000 rpm
(710 ft/sec) to take advantage of the hydrodynamic features of the seal. Pressure differential
dropped to 1.5 psi shortly after starting. When rotor temperatures approached 300°F, the
rig was decelerated and the test run was terminated after approximately 130 seconds. The
rotor came to a stop after 210 seconds. Data were automatically recorded (Figure 66) and
oscilloscope displays of the voltage outputs of the proximity probes used to measure the
gap between the runner and seal face were photographed (Figures 67 through 72). Bath
probes had already been bench-calibrated (Figures 73 and 74). The probe, when installed in
the seal, were slightly recessed from the seal surface. The second vertical scale indicates the
displacen;ent of the seal surface accounting for the amount of probe recess.
ANGLE DEGREES
Figure 65	 Pre-Test Axial Runout of OC Diaphragm End peal
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OC Diaphragm Fnd Seal, Capacitance Probe Outputs at 0 RPM, Pressure
Differeetial 0 PSI
Figure 68 OC Diaphragm End Seal, Capacitance Probe Outputs at 0 RPM, Pressure
Differential 5.0 PSI
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Figure 69	 OC I)Mphrz.gm End Seal, Capacitance Probe No. 1 011tput at 1430 RPN1.
Pressure Differential Approximately 2.0 PSI
Figure 70	 OC Diaphragm Fnd Seal, Capacitance Probe No. 2 Output at 1715 RPM,
Pressure Differential Approximately 1.5 PSI
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FI,lUre 71
	 OC Diaphragm End Seal, Capacitance Probe No. I Output at 4430 RPM,
Pressure Differential Approximately 1.5 PS1
Figure 72
	
OC Diaphragm End Seal. Capacitance Probe No. I Ou'., u. at .1.330 RPM,
Pressure Differential Approximately 1.5 PSI
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2.	 POST-TEST INSPECTION
Due to the seal-face runout (see Section I1), therc should have been a gap at the . probe lo-
cations, but the gap (lid not occur uniformly around the circumference of the seal face.
This lack of uniformity was most apparent in the post-t.^st inspection, which indicated that
the probes impacted with the runner and were rubbed of t before the rig reached 6000 rpm.
Examination of the seal face showed that significant rubbing occurred on the outside and
inside edges. Other areas had light rubbing or none at all (Figures 75 and 76). There were
two wear tracks caused by the two pads of the set., (Figure 77). Both wear tracks were ap-
promrnateiy i iv ' m jiz^ Licep, but the outer wear track was scored 4 to 6 mils deep at its
outer edge, while the inner wear track was scored 3 to 5 mils deep at its inner edge. The
axial runout after testing was within ± 2 mils FIR (Figure 78).
Figure 75
Seal Face after Dynamic Testing, OC
Diaphragm End Seal	 (CN-27645)
Figure 76	
MW
Close-Up View of OC Diaphragm End
Seal Face after Dynamic Testing
(CN-27643 )
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Figure 77 Wear Tracks on Face of OC Dia phragm End Seal Caused by Rayleigh Pads
(XPN-13867)
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Figure 78 Post-Test Axial Runout of OC Diaphragm End Seal Runner
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D. TESTING OF THE SEMIRIGID INTERSTAGE SEAL
The semirigid interstage seal was designed to operate on the same basic principle as the OC
diaphragm end seal: leakage was controlled by controlling clearance. Primary sealing was
accomplished at the seal face, which consisted of a single land. This land had a spiral-groove,
inherently compensated orifice profile, and it acted as a bearing and seal combination (Fig-
ures 79 through 82).
The primary seal ring was pre-loaded with 16 helical coil springs to ensure contact at start
and to permit the development of separating air films at speeds under 30 ft/sec. Both the
seal face and the runner were hardcoated with chrome carbide for compatibility at high
temperature and resistance to wear. This material was identical to the material used for the
OC diaphragm seal.
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Figure 80	 Semiri g id Interstage Seal (CN-20084)
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Figure 81	 Close-Up of Semirigid Interstage Seal ID (CN-20085)
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Figure 82	 Close of Semirigid lnterstage Seal OD (CN-20086)
ROOM TEMPERATURE DYNAMIC TEST
Static testing had revealed that the seal face had not lif°ed off from the runner hydrostati-
cally. For this reason, the dyna-lic test program was based on the hydrodynamic-lift fea-
tures oh the seal. This program caned for immediate acceleration to 3800 rpm (470 ft/sec)
before establishing a low pressure differential across the seal. By limiting the dynamic test-
ing to the hydrodynamic-lift features of the seal. the closing force was due primarily to
spring-loading and was more easily supported by the reduced air-film load capacity caused
by the wavy seal surface.
The seal was installed in the full-scale rig for dynamic testing and the pre-test axial runout
of the seal runner was measured (Figure 83). After the rotor was installed in the rig, the
seal compression was set at 0.1 16 inches and the rig was sent to the test stand. Before dy-
nanhic testing, seal breakaway torque (tile amount of torque required to overcome friction
between the seal and the runner at starting) was measured at 1 14 inch-pounds.
The valves were adjusted to establish a static pressure differential of 2 psi across the seal, and
the main air supply, was shut off. The rig was accelerated to 3900 rpm (485 ft/sec) before
the main air supply was opened. The pressure differential across the seal did not reach 2 psi,
indicating that losses were greater under dynamic conditions. When rotor temperatures ex-
ceeded 300°F, the run was Clisl:ontilllled (Figure 84) because some degree of rubbing was
apparent.
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Figure 88
	 Pre-Test Axial Runout of Semirigid Interstage Seal
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F	 ^,? Because measured temperature were not excessive, the damage due to rubbing was assumed
to be minimal, and a second run. was scheduled, in which the seal pressure differential would
r	 ; be established before the start-up so that the seal would be cooled if initial rubbing occurred.
Temperatures were automatically recorded by additional thermocouples during this test run.
The pressure differential was set at 2.22 psi and the rig was accelerated to approximately
' 4000 rpm (497 ft/sec). The observed temperatures of the seal and the rotor showed a very
.A
rapid rise, and the pressure differential dropped to about 0.13 psi. The second test was dis-
continued after a run of 1 minute, 48 seconds. The visual readout equipment did not res-
pond to rapid temperature excursions, and the actual temperatures of the seal and runner
could not be determined, but indications were that they may have exceeded 500°F.
w^
Before the automatically-recorded data were reduced, a third test run was made in an attempt
to reach surface speeds which would produce maximum air-film development. As in the
second run, a low pressure differential of 2 psi was established across the seal and the rig was
rapidly accelerated ,to approximately 4000 rpm. The pressure differential dropped off, but
no sharp spikes in temperature were apparent. Rig speed was held within 3800-4200 rpm
for about four minutes. All observed temperatures were stable, with the maximum around
250°F. The rig speed was increased to over 5900 rpm (733 ft/sec), where thermal spikes
occurred and the run was discontinued.
tF When the automatically recorded data was reduced, it became apparent that, during the se-
t cond run, one of thepreviously unrecorded thermocouples indicated a temperature spike in
' excess of 1325°F. Similar temperatures were recorded during the third test run at high
speeds.
4
-TEST EXAMINATION2. POST 
After the rig had been pulled from the stand, the seal and runner were removed for inspection.
The wear track on the rotor was relatively uniform, 8 to 9 mils deep. The interstage seal
face showed considerable wear, with most of the hardface material rubbed off. Spiral grooves
were still apparent on some of the deeper valleys of the surface, and the heavy wear on the -
u	 runner and seal, combined with the high temperatures, indicated that the seal rubbed. The
wear patterns on the rotor are illustrated in Figure 85, and the wear patterns of the seal are
	
' = 4	 shown in Figure 86. The post-test axial runout of the runner is shown in Figure 87.
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Wear Patterns on Seal
after Dynamic Testing
(XPN-1 1206)
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Wear Patterns on Rotor
after Dynamic Testinul
(XI'N-1 12107)
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V. SELF-ACTING COMPRESSOR SEAL DESIGN AND ANALYSIS
A. INTRODUCTION
The contractor has conducted design and performance analyses for each of two seal designs
as specified in the Task V work statement. The first seal design, designated Design A, was
created by converting the semirigid interstage seal of Tasks I and II from a "hybrid primary
seal configuration to a "self-acting" seal. The second seal design, referred to as Design B,
was furnished by the National Aeronautics and Space Administration Program Manager and is
a self-acting end seal.
The form and function of the self-acting seals of Task V represent a significant departure
from the hybrid seals of Tasks I and II. The primary seal face of a self-acting seal is divided
into a sealing region and a self-acting air bearing region. The sealing region, usually referred
to as the seal dam, occupies a relatively small fraction of the seal face. The pressure differen-
tial across the seal controls the pressure distribution over the seal dam. Seal dam pressure
distribution is relatively insensitive to linear or angular displacement of the seal face.
The self-acting air bearing may be located in either the high-pressure or the low-pressure
region of the seal face or, as in Design B, may be located in both regions. The air bearing
generates an average pressure or "load capacity" in the air film, which is relatively insensi-
tive to angular displacement of the seal face. The self-acting seal stiffness characteristic
makes control of air film thickness potentially less difficult than it was using the hybrid
I'	 seals of Tasks I and II.
y F
I.
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B. SELF-ACTING INTERSTAGE SEAL, DESIGN A
('y
The original primary seal design for the semirigid interstage seal was a hybrid design in which
a spiral groove self-acting air bearing operates in combination with an orifice-fed air bearing
pressurized from the high-pressure side of the seal. The contractor recommends that the 	
y
seal be converted to a purely self-acting design by enlarging the orifice feed holes to make
the pressure drop through the holes negligible and connecting the holes with a 0.050 inch
wide by 0.030 inch deep annular groove in the seal face. The self-acting bearing region is
then bounded by the outer edge of the seal face and the annular groove. The groove posi-
tion makes the bearing region 0.350 inch wide. The bearing has high-pressure air along both
edges and the spiral grooves pump air from the outer edge of the bearing to the inner edge.
The seal is shown in Figure 88.
Analysis of the seal is described in four parts: Primary seal analysis, Force and Moment
Balance, Dynamic Analysis, and Seal Optimization.
1.	 PRIMARY SEAL ANALYSIS
The primary seal analysis was conducted by computing the seal dam leakage and load capacity
and the spiral groove load capacity in separate steps. The load capacity values are combined
to find the total primary seal load capacity or opening force for force balance purposes.
a.	 Analysis of Seal Dam Load Capacity
Seal dam load capacity curves for parallel and non-parallel film boundaries are presented in
Figures 89,90 and 91.	 It was decided that a variation ill seal dam width should be included
.!. in the design analysis of the Design A self-acting seal. Reoperation of an existing seal assembly
placed constraints on the selection of a seal dam width, and the practical upper and lower
	 k
limits to dam width were found to be 0.050 inches and 0.025 inches, respectively. Selection
of a seal dam width was narrowed to a choice between those two values.
The parallel film boundary load curves were obtained directly from a fluid flow computer
program created by the National Aeronautics and Space Administration for this purpose (Ref-
erence 5). The curve irregularities in the region of a one mil film thickness at high pressures
are characteristic of a flow regime transition from laminar to turbulent; Entrance and exit
pressure loss effects are also included in the National Aeronautics and Space Administration
computer program. The seal dam load capacity for film boundary angles of two and three
....^^ milliradians (converging flow) were found using a simplified laminar flow analysis in which the
y percent increase of the tilted load over the parallel load was determined. The tilted load cap-
acities curves shown reflect this percent increase over the parallel load curves obtained from
' the NASA computer program.}
. 
f 1^14§++
1111
	 4
f Although the 50-mil dam load curves exhibit a higher stiffness, selection of a final dam
width and balance diameter was deferred until the effect of dam width on total primary film
load capacity could be determined`.
t
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b. Selection of Spiral Groove Bearing Geometry 	 j
The geometry of the self-acting_ semirigid seal was analyzed to determine the optimum groove
length and groove depth (see References 6, 7, 8, and 9). The groove angle measured from a
line normal to the direction of motion was 72 degrees for all cases analyzed. 	 -
The effect of groove length on load capacity is shown in Figure 92 for groove lengths equal
to 70,80, and 90 percent of face width (groove length is measured normal to the direction
of motion). Since the nominal operating film thickness for the seal is 0.4 to 0.7 mils, it is ap-
parent from Figure 92 that a groove length equal to 80 percent of the face width provides
the highest load capacity.
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Figure 92 Effect of Groove Length on the Load Capacity of Seal Design A
With a groove length of 0.28 inch (80 percent of the face width of 0.35 inch), the effect of
groove depth on load capacity was determined. The results of this analysis are shown in
Figure 93 for groove depths of 0.001, 0.002, and 0.003 inch. For film thicknesses from 0.4
R	 to 0.7 mils, it is a,^pareit that a groove depth of 0.002 inch provides the optunum load capacity.
Below a film thickn ess
 ,f.'0.4 mil groove depth of 0.001 inch would provide substantially
higher load capacity; but the seal will not normally operate, at such a ow film thickness: Fur-'
thermore, a depth as small as 0.001 inch would easily be destroyed by any small amount of
IL
rubbing.'
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C. Analysis of Spiral Groove Bearing Load Capacity
Using the selected groove dimensions, the spiral groove bearing load capacity was calculated
for a range of speeds and film thicknesses at air temperatures of 100°F, 680°F, and 1200°F.
Curves of load capacity variation with film thickness at the upper and lower temperature
extremes are shown in Figures 94 and 95. It is apparent from these figures that increasing
velocity and increasing air temperature increases the air film load capacity and stiffness in
I.
	 the spiral groove region of the primary seal (see also Reference 3).
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The change in spiral groove load capacity due to a three milli-radian tilt angle is shown in
m. "	 Figure 96. The load capacity increases with a positive tilt angle (converging flow). In con
g<	 trast to the ;hilted dam load curves, tilted groove load curves do not extend below 0.6 mil
film thickness. Since the seal' dam is closer to the apex of the tilt angle, the mean operating
film thickness of the dam will be smaller than *that of the mean groove film thickness.
r
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Figure 96 Load Capacity of the Spiral Groove Bearing at 100°F and a 3 Milliradian Tilt
Angle
d. Primary Seal Total Load Capacity Curves
Determination of the total opening force developed by the primary seal air film during
operation is accomplished by the addition of the spiral groove and seal dam load capacity
curves. A set of total load curves, for a specific dam width and operating temperature, con-
sists of four speed curves at six different pressures, or twenty-four separate curves. Since
presentation of all the total load curves in this report is impractical, only the high-pressure
low-temperature condition is shown in Figure 97. Total load capacity was also examined atr
non-parallel film boundary conditions. Film angles of 2 and 3 milliradians were analyzed and
Figure 98 illustrates the primary seal load capacity at a 3 milliradian film angle.
The double scale gives the mean film thickness for both the seal dam and the spiral groove i
bearing. Figure 99 shows how the difference in operational film thicknesses was arrived at
for both dam widths and tilt angles.
For convenience, the difference in film thickness was considered to be 0.5 and 0.7 mils, for
the 2 and 3 milliradian film angles respectively, at both dam widths. The double scale for the
film thickness reflects this difference.
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2. FORCE AND MOMENT BALANCE
Axial forces on the seal are properly balanced when the film thickness generated at key op-
erating conditions provides a maximum tolerance to conical distortion of seal surfaces and
to runout- of the rotor. The closing forces applied to the seal by the coil springs and by
static pressure forces, which are determined by the size of the secondary seal diameter or
"balance diameter," serve to control the mean film thickness of the primary seal.
In order to explore the optimization problem, equilibrium , film thickness values were found
for two values of spring force (30 and 60 pounds), two values of unbalance ratio (A H /AT =
0.6 and 0.8), two values of dam width (0.025 and 0.050 inch) and two values of pressure
' differentials (2 and 50 psi). AT is the area of the seal; and AH is the area between the balance
n diameter and the outer diameter of the dam. Table I lists the equilibrium film thickness which
'=	 r= corresponds to all combinations of the above variables at selected temperature speed, and
' angular distortion levels. The mean film thickness indicated for a given angular distortion value
is the mean thickness at the seal dam,
:f	 ^t
Moments on the seal are balanced by adjusting the axial position of the nosepiece centroid
relative to the center of radial pressure load on the nosepiece. A small amount of material
must be removed from the nosepiece to convert the seal to a self-acting configuration, and
^k
additional material removal is required at the opposite end of the nosepiece to return the
centroid to its proper-location.
3.	 DYNAMIC ANALYSIS
thi k	 di	 bFilm ic ness stur ances produced by a 0.004 inch full indicator readingp	 g runout of the seal^'	 r
rotor have been calculated for all seal operating conditions. Typical calculations are discussed
- - in Part I of this report. Figure 100 describes the film thickness variation due to a 4-mil runout.
The film stiffness was assumed to be linear and no saddle shaped or higher order distortion was
I
assumed to be present on,runner surfaces.
-:
Table I presents values for minimum film thickness which were found by subtracting the
. film thickness variation due to rotor runout from the mean film thickness found by the axial
} force balance analysis. The slope of the primary seal total load capacity curve at a given
.	
w	 l mean film thickness was used to define the film stiffness-^.
i
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Dam Pressure Percent Spring Tilt	 ==tilosing Mean Min Mean Min Mean Min Mean Min
Width Drop Toemp Unbalance Force Angle Force Film Film Film Film Film Film Film Film
(mils) (psi) ( F) (lbs) (rads) (lbs) (mils) (mils) (mils) (mils): (mils) (mils) (mils) (mils)
50 2 100 60 30 0	 34.9 .85 .66 .96 .42 1.05 -.05 1.09 -.51
25 2 100 60 30 0	 32.5 .8 .67 .91 .58 98 .40 1'0 .3
50 50 100 60 30 0	 153.8 .71 .626 .81 .61 .85 .53 .875 .485
25 50 100 60 30 0	 91.9 .75 .635 .85 .56 .92 .42 .95 .33
50 2 100 80 30 0	 36.6 .84 .66 .95 .42 1.0 0 1.03 -.47
25 2 100 80 30 0	 33.3 .79 .665 .90 .58 .97 .41 .99 .31
50 50 100 80 30 0	 195. .535 .485 .62 .51 .67 .51 .69 _51
25 50 100 80 30 0	 112.5 .62 .548 .72 .55 .77 .51 .80 .50
50 2 100 60 60 0	 64.9 .60 .53 .72 .56 .77 .505 .80 .48
25 2 100 60 60 0	 62.5 .58 .524 .69 .53 .75 .50 .77 .47
"	 50 50 100 60 60 0	 183.8 .58 _52 .66 .545 .?1 535 .73 .51
25 50 100 60 60 0	 121.9 .57 .51 .67 .53 .73 .50 .75 .475
.50' 2 100; 80 60 0	 66.6 .58 .51 .69 ' .54 .75 .51 .775 .495
25 2 100 80 60 0	 63.3 .58 .524 .69 .53 .75 .50 .77 .47
50 50- 100 80 60 0	 225.0 .44 .398 .53 .447 .58 .45 .60 .45
25 50 100 80 60 0	 142.5 .49 .446 .59 .49 .65 .49 ,67 .475
50 50 680 60 30 0	 153.8 .86 .685
25 50 680 60 30 0'	 91.9 .88 .67
50 50 680 80 30 0	 195.0 .74 .63
25 50 680 80 30 0	 112.5 .82 .655
50 50- 680 60 60 0	 183.8 .77 .64
25 50 680 60 60 0	 121.9 .78 .63
50 50 680 80 60 0	 225.0 .67 .578
25
i
50 680 80 b0 0	 142.5 .72 .60
50 25 1200 60 30 0	 91.9 1.12 .80
25 25 1200 60 30 0	 79.5 1.05 .76
50 25 1200 80 30 0	 112.5 1.04 .76
25 25 1200 80 30 0	 71. 1.09 .77
50 25 1200 60 60 0	 121.9 .97 .70
25 25 1200 60 60 0	 90.9 .97 .73
50 25 1200 80 60' 0	 142.5 .88 .69
25 25 1200 80 60 0	 101 .94 .72
50 50 100 60 30 .002 157 .56 .20 .58 .135
25 50 100 60 30 .002	 95. .49 .105 .51 .06
50 50 100 80 30 .002 199. .32 .1.4 .34 .12
25 50 100 80 30 .002 116. .35 .08 .38 .07
50 50 100 60 60 .002 187. .375 .135 395 .115
25 50 100 60 60 .002 125. .30 .07 .33 .075
50 50 100 80 60 .002 229. .22 .10 .24 .10
25 50 100 80 60 .002 146. .225 .08 .25 .055
50 50 100 60 30 .003 159.1 .49 .01 .51 -.05
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Figure 100 Film Thickness Variation Due to Rotor Runout
4. SEAL DESIGN AND OPTIMIZATION
Selection of a seal dam width was complicated by the differences between parallel and tilt
conditions. At parallel film conditions, the 25-mil dam has the more desirable operating film
	
'	 thicknesses, The stiffness of its total load curves is higher, as evidenced by the difference
between mean and, minimum film thickness. Specifically, at certain operating conditions the
50-mil dam will contact, whereas the 25-mil dam has an acceptable film thickness. However, at
the tilted conditions the 50-mil dam appears to have the same advantages that the 25-mil dam
had at the parallel conditions. At 100°Fand 3 milliradians tilt, seal contact is likely. How-
	
";	 ever, at 2 milliradian tilt, which is more likely at 100°F, no contact occurs. It should be
noted that at tilt conditions the film thicknesses shown are the seal dam film thicknesses, and
that the grooves run 0.5 to 0.7 mils further from the runner. It appears some contact at
tilted conditions is inevitable with either darn width. Since only the dam will contact, and
not the grooves, the 25 mil dam width was chosen becEuse it will be less affected by contact.
In addition, at parallel conditions the 25 mil dam will have the best operating film thickness.
	
r
Selection of a combination of spring force and percent unbalance was based on two prime
considerations. First, the stiffness of the total load curve must be sufficient to prevent con-
tact. Due to dyn*._ • ,ic effects, contact will occur when the dynamic change in film thickness
exceeds the mean film value. The film thickness values predicted in the table indicate an
unbalance of 80 percent would 'satisfy the first condition.
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Second ; the initial rubbing, which will occur during start-up, must be held to a minimum.
Start -Lip will occur at low pressure differentials. Since unbalance at low pressures has little
or no effect on closing force, the second consideration is unaffected by the 80 percent un-
balance. Spring force, however, is significant. The 30-pound spring force will allow the seal
to lift off sooner than the higher spring force. Therefore, the initial rubbing will be short
during start-up.
Figures 101, 102, and 103 contain the leakage curves for 1.00°F, 680°F, and 1200°F. Plotted over
the leakage curves are the mean operating films for each speed. The resulting cross plot gives a
good visualization of what the leakage and film thickness would be for any speed and pres-
sure. In addition, the 100°F curve has cross plots for tilted operation. The points shown
are the mean seal dam film thickness.
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Seal Performance at 680°F with Parallel Film Boundaries and with a 3 Milliradian 	 =
. r Tilt at Take-off Conditions
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C. SELF-ACTING END SEAL, DESIGN B
The Design B end seal employs a double row of Rayleigh step self-acting bearing pads to
generate primary seal load capacity. Figure 104 illustrates the mechanical arrangement of the
: seal. The contractor conducted an analysis which defines the theoretical performance of a
seal designed according to drawings furnished by the National Aeronautics and Space Admin-
. istration program manager. The analysis has identified several design modifications which
should be made to improve the force and moment balance of the seal. Extensive optimiza-
tion studies of the Design B seal, however, were beyond the scope of the Task V work state-
ment. Presentation of the Design B analysis follows the format used in presenting the Design
A analysis.
1. PRIMARY SEAL ANALYSIS
The primary seal configuration for the Design B seal .. is made up of 180 Rayleigh step bearing
pads, 90 pads on each side of a 0.060 wide seal dam. Each pad is approximately 0.685 -inches
long and 0.260 inches wide. The shallow recess in each pad is 0.400 inches long, 0.200 inches
wide and 0.0006 deep. Deep radial grooves carrying seal leakage air into and away from the
seal dam are located between eachad. The radial grooves and
	 ad recesses are cut into thep	 	 p.
surface of the seal runner while the circumferential grooves separating the self-acting' bearings
from the seal dam' are cut into graphitic carbon segments in the nosepiece assembly. Seal dam
and bearing pad regions were analyzed separately followed by the construction of combined
' load capacity curves which define the primary seal opening force variation with film thickness
for several film angles and a wide range of operating conditions.
	
s
a. Seal Dam Load Capacity
Seal dam load capacity and leakage was calculated using the same methods employed in De-
Y sign A calculations. Figures 105 and 106 represent seal dam load capacity variation with film
thickness at several film angle values and temperature levels.
b. Bearing Load Capacity
Rayleigh step bearing load capacity was calculated using the same computer program (Refer-
ence 5) that was used to calculate performance characteristics of the hybrid Rayleigh step
. primary seal for the one-side floated-shoe seals. Figures 107 and 108 illustrate the variation 	 x
in load capacity with film thickness and speed for parallel and tilted film boundaries. When
` film angles of 0.002 radians or greater are encountered, the row of step bearings on the high 	 i
` film thickness side of the seal dam have negligible load capacity. The tilted Rayleigh
	 y	 gh step
bearing load capacity is plotted with reference to the film thickness at the center of the row
• ' .,V
of step bearings on the low film thickness side of the seal dam (not the film thickness at the
center of the primary seal face).
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c. Primary Seal Total Load Capacity
The total opening force generated in the primary seal air film was found for many combina-
-- tions of speed, pressure, temperature, film angle, and film thickness. Figures 109 and 110 rep- 	 r
resent typical total load capacity curves. The load capacity curves for a convergent film angle
are plotted with reference to the film thickness at the inner row of step bearings and also with
reference to the seal dam film thickness. The bearing film thickness is 0.0005 inch and 0.0007
inch less than the seal film thickness at 0.002 and 0.003 radian film angles, respectively.
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2. FORCE AND MOMENT BALANCE
The static pressure induced closing force on the nosepiece assembly is regulated by the seal
balance diameter. The balance diameter specified on the seal drawings represents,a balance
ratio,, A,; /AT' of 0.639. A coil spring closing force 'of 45 pounds was selected by the con-
tractor. The spring force must be high enough to yield adequate film stiffness during low
pressure operation, yet low enough to avoid excessive rubbing contact and heat generation
during start-up. AT
 is the area of the seal; and A,,is the area between the balance, diameter 3,
atcd ^t-te, outer diameter of the dam.
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With total closing force values established by the above considerations, equilibrium film thick-
ness values were found using the primary film total load capacity curves described in the pre-
ceding section. The mean film thickness values determined by this analysis were combined
with seal leakage curves to produce the seal performance maps shown in Figures 111, 112, and 113.
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Figure 111 also shows the effect of a 0.003 radian film angle on film thickness and leakage.
It became apparent during the analysis of the seal that an increase in the seal balance ratio
would improve seal performance at the upper pressure levels. The contractor recommends
that the balance ratio be changed to 0.71. The seal performance maps indicate the effect of
a 0.71 balance ratio on seal film thickness and leakage at the 850 ft/sec speed level. The
contractor also recommends an increase in the flow area through the radial grooves which
w carry seal leakage into and away from the seal dam to allow for the higher leakage of a tilted
film.
Moment loads on the seal nosepiece assembly are controlled by the nosepiece centroid posi-
tion relative to the center of radial pressure loads on the nosepiece. The pressure center loca-
tion on the Design B seal varies with the axial position of the nosepiece relative to the seal
support, so that a zero-moment load is possible at only one nosepiece position. Since the
1
allowable axial travel must be 0.20 inch to either side of nominal, the radial center ofp res-
sure is shifted 0.10 inch to either side of nominal and the total moment on the seal is at
least 2,000 inch-lbs in either direction. The problem is further complicated by the need to
move the nosepiece centroid 0.080 inch closer to the seal face to minimize the moment
when the nosepiece position is at either extreme. Assuming that the nosepiece centroid loca-
tion is optimized, the angular displacement of the nosepiece under a 2000 inch-lb moment
. is 0.0015 radian. The pressure-induced film angle would then be a significant function of
the allowable angle, and the amount of thermal distortion tolerated during seal operation
would be Beverly limited.
	
-i
3. DYNAMIC ANALYSIS	 I
The weight of the carbon nosepiece segments was estimated to be two pounds, the weight of
the nosepiece ring is approximately 14 pounds. A complete nosepiece assembly has a total
{ weight of 16 pounds. Figure 114 indicates the effect of a 0.004-inch full indicator ;reading run-
" out of the rotor on the primary film thickness as a function of film stiffness and operating
speed (see Reference 2).
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1). RUNNER FABRICATION
wo seal runners for the self-acting Design B seal of Task V were fabricated under Task VI
for use in and end seal location. Seal surfaces were machined for the application of hard-facing
(chrome carbide or equivalent), but were not hard-faced. Both runners were manufactured
Ilat and true within practical tolerances to represent the best practice expected in an aircraft
engine. The completed seal runners were shipped to the manufacturer of the Design B seal
in accordance with instructions from the NASA Project Manager. PhotoL7aphs of the I'ully
machined seal runners are shown in Figures 11-5 and 1 16. The manufacture of seal design B
under another contract will complete the runner fabricatio p, by machining the self-acting pad
geometry on the inner surface. Testing of this self-acting seal is not within the scope of this
contract.
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VI. COMPRESSOR STATOR PIVOT
BUSHING AND SEAL CONCEPT
FEASIBILITY ANALYSIS
A. SUMMARY
A feasibility analysis program was conducted on stator vane pivot bushing  and seal concepts
for application in compressors for advanced air-breathing propulsion systems. The first phase
of this program consisted of preliminary analysis and screening of various seal concepts prior
to the selection of concepts for the detailed feasibility analysis. The analytical effort included
a comparison of the selected concepts to current practive, and all calculations, analyses, and
drawings necessary to establish the feasibility of the selected concepts. This analytical program
was subcontracted to Mechanical Technology, Incorporated, of Latham, New York, and the
principal investigators there were Dr. D. F. Wilcock, Dr. H. S. Chen;g, and Mr. J. Bjerklie.
Pratt & Whitney Aircraft closely monitored the analytical program ;, as required by the NASA
contract, and prepared the final feasibility designs on the basis of the concepts which had
been designed and analyzed by Mechanical Technology, Incorporated.
In the screening study (Reference 2) 12 different concepts were examined for the vane pivot
bushing and seal designs. Because of excessive leakage, the effects of dirt, the effects of load
deflection, inherent reliability, weight, space, design simplicity, and other considerations, ten
of the concepts were discarded, leaving only the bellows-loaded seal and the spherical-seat
seal. Before the final feasibility analyses, several variations of these two concepts were ex-
plored. Finding that none of these variations provided a significant advantage over the original
concepts, feasibility analyses were only conducted on the single-bellows and the spherical-
seat seals.
The feasibility analyses showed that both the single-bellows seal and the spherical-seat sear
had the potential to provide substantial improvements over the baseline seal, and also showed
that the problem areas of the two seals would be very similar. The results of the feasibility
analyses are summarized in Table II, which also includes the characteristics of the baseline
vane pivot seal in use at the time of the study.
Both the single-bellows seal and the spherical-seat seal were considered to be feasible and
adequate for final design and testing under Task IV. However, before submitting these two
designs to NASA, Pratt & Whitney Aircraft modified the designs to make them more practical
for aircraft engine applications without making changes in the basic seal concepts shown on
the drawings submitted by Mechanical Technology, Incorporated. The final designs were
submitted-to NASA on 19 May 1966, and approval to proceed with Task IV was granted in
a letter from NASA on 31 May 1966.
J'
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TABLE II
SUMMARY OF THE FEASIBILITY ANALYSES
t^
Single-Bellows Seal Spherical-Seat Seal Present Seal
Leakage at 135 psi (scfm) 0.00079 0.0004 0.0077
Wear rate Low on flame plate Extremely low Very low
,
I
Required torque less
bending moment effect
x (in-lbs) 1.53 0.54 3.8
Seal diameter (in) 0.509 0..527 0.5
t Seal weight (lbs/pivot seal) 0.025 0.025 0.025
r
Unproven materials Carbon at 1200°F Not suitabe
P
4
at 1200'F
Effect of dirt Increase in leakage None Increase in
leakage and
wear
' Effect of cocking Absorbed by bellows Must reseat Increased leakage
Separate parts for assembly 7 7	 p 5
Ability to be installed as a
cartridge Possible for bellows Separate parts Separate Parts
assembly
Replacement of seals and -
seats Separate In matched pairs Separate
Potential problems Effect of dirt on wear Ability to remain
and leakage. Bellows properly seated when
integrity cocked. Carbon
integrity
is
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B. SCREENING STUDY
The stators of high-pressure compressors for advanced engines will probably incorporate
variable vanestagger. The number of stages which will require variable vanes is as yet un-
known, but the number of variable vanes in a given engine will probably exceed 500. Each
variable vane requires a pivot which penetrates the compressor wall, and even a small amount
of leakage out of each could represent a sizeable efficiency loss.
} This section discusses the design and screening of a number of vane pivot concepts. Some of
these were in the original proposal and others were conceived later. All of the seal designs
were compared to a baseline seal which had been built and tested by Pratt & Whitney Aircraft
prior to the start of this contract. That design (shown in Figure 117) was originated as a first
modification of a seal being used in test engines at that time. Leakage measurements on the
baseline seal provided a basis on which the new seal concepts could be adjudged as probably
better or probably worse than the baseline seal.
The seal concepts considered in the screening study are listed below:
Belleville washer 	 Internal Actuation
Coned carbon rings with gaps	 External covers
Fractured carbon rings	 Bellows-Loaded face seal
' Metal spring	 Spring-loaded spherical-seat seal
Sear packing	 Close-clearance bushing
I Lamiflex	 Multiple labyrinth
Of these concepts, only the ones in the left-hand column were included in the proposal: the
= others were conceived later. All of the concepts are shown in Figure 118. Variations in each
basic seal type were examined when there appeared to be an advantage in a slightly different
design,,but the first screening was done on the basic concepts only.
The screening considered three basic factors in seal concept acceptability: leakage rate,
functional considerations, and application considerations. Since the basic goal of the program
was to reduce leakage, any candidate that could not lead to low leakage was discarded. Toler-
ance to dirt, tolerance to load deflections, and the effects of temperature were the three main
parts of the functional considerations. If a candidate were considered poor in this respect,j
it was discarded. Finally, the application considerations of weight, space, actuation power,
design simplicity, and servicing were considered. In all cases, the candidate concepts were
compared to the baseline seal.
Two concepts emerged from the screening study-as the most promising candidates. They
	
v
were the spherical-seat face seal and the bellows-loaded face seal. Both-of these concepts
were recommended and accepted for final feasibility analysis.
Primary sealing in the spherical-seat face seal is accomplished by the convex seal bearing
r against .a concave seat. The two surfaces are kept in compression by a helical spring and by
the thrust load created by the high pressure within the compressor:
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In the bellows-loaded face seal, primary sealing is accomplished by a tlat face seal bearing
against the end of a bushing, which is installed in the outer shroud with an interference fit.
The thrust loads created by air pressure, spring forces, and bellows forces are carried by a
thrust bearing located at the tip of the vane.
A description of the screening study follows, and each of the basic factors governing seal con-
cept acceptability is discussed.
ACTUATING ARM
RIG AND AIR-IN LINE WRAPPED
WITH RESISTANCE HEATING WIRE
AND INSULATION
Figure 117 Bas;-line Vane Pivot Seal in Test Rig
x'
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1. LEAKAGE RATE CONSIDERATIONS
The belleville washer and thw coned carbon ring with gaps were-discarded because it could
not be shown that their leakage would have been as low as that of the baseline seal. The
	 j
belleville washer concept would have had two leakage paths past the washer. Each path would
have been short, and the effective clearance would not have been any less than. the clearance
in the baseline design. The coned carbon ring with gaps would have had more leakage at a
single gap than the total leakage for the baseline design.
Pratt & Whitney Aircraft had measured the leakage of the baseline seal prior to the screening
study, and had found it to be less than 0.004 scfm at 94 psi and 400°F for static conditions.
The loading on the thrust washer, including initial torquing plus pressure load, was about 95
pounds. The leakage rate was used to calculate the effective gap width of each of two leakage
paths, resulting in a calculated gap of 0.088 mils.
To compare these measurements with the belleville washer, the actuating torque had to be
the same for both designs. Because the length of the lever arm was the same for both designs,
and because the friction coefficient was expected to be the same for both designs;, the loading
on the belleville washer had to be the same (95 pounds). With this loading, the effective gap
between the washer and the seal would have been approximately the same as the scale of
_ roughness. Assuming a 63-microinch finish and a gap length equal to approximately one
tenth of a washer thickness, the calculated leakage for an unloaded vane was about 0.054
scfm, more than an order of magnitude greater than. the baseline leakage.
The gaps in the coned carbon ring could have been as much as 0.010 inch. Calculations showed
that leakage through such agap could be as much as 0.1 scfm at the same conditions as the
' baseline test. That amount was considered to be much too large to permit further considera-
tion of the coned carbon ring.
2. FUNCTIONAL CONSIDERATIONS
The principal functional considerations for these seals were the effects of dirt, the effects of
load deflections, and the effects of temperature. These effects were examined both for their
immediate impact on the design's sealing ability and for their effect on reliability. Six seals
.'` were eliminated because of functional considerations: the fractured carbon ring, the metal
seal, the close-clearance bushing, the lamiflex seal, internal actuation, and the multiple laby-
rinth seal.
	
-
...; With the baseline seal, there was the possibility that dirt could get into the seal, encouraging
the vane to cock. Because the vane could be cocked, leakage could be quite high when the
vane was loaded. Both of these possibilities posed problems for the baseline seal.
The close-clearance bushing exhibited the same problems. In this case, however, the presence
of particles between the bushing and vane pivot could contribute to severe wear because of
the close clearance, and also could seriously increase the actuation power. Hence, this design
	 v
was rated as poorer than the baseline seal. Reliability, as defined for the screening study,
refers to the possibility of failure of the seal during vane actuation. The fractured carbon
ring, by its very nature, consisted of relatively fragile parts. 11'his was considered to be suf-
i
ficent to rate it poorer than the baseline seal.
	 -
94	
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The metal spring seal depended on a close fit between the pivot and the spring for sealing.
This meant that it would rub. Rubbing; was expected to lead to wear and eventual penetration
of the spring material, espec=ially since dirt could also be deposited in the seal. Because of the
rubbing and dirt problem, this design was rated as worse than the baseline design.
The lamiflex seal depended for its operation on an elastomeric material bonding a number of
metallic washers. The stack of washers plus elastomer extended for most of the length of the
pivot. However, the inner portion. of the seal Gould be subjected to temperatures approaching
1200°F, the compressor exit temperature. Thus; at least a portion of some of the pivot seals
would be exposed to temperatures considerably above the usable temperature of any available
elastomer. Consequently, some of the pivots would not be reliable.
Internal actuation had the potential to reduce leakage, simply by reducing the number of
compressor wall penetrations. However, internal actuation would necessitate the use of a
linkage exposed to hot oxidizing gases. Also, the actuating torque would have to be trans-
mitted to the inner linkage through a limited number of vanes, potentially causing excessive
stresses and deflections.
Multiple labyrinths could conceivably , make a good seal, but there would have to be a large
number of segments for effective sealing.. Because the available space was small ., the segments
of the labyrinth would have to be made of thin sheet stock, only a few thousandths of an
inch thick. If the vane cocked under load, the segments would probably rub. If rubbing
occurred, the segments would wear, would probably bend, and generally unknown effects
could take place. Consequently, the seal was not considered to be reliable. The labyrinth
w	 seal was therefore rated a little lower than the baseline seal.
3. APPLICATION CONSIDERATIONS
After eliminating eight concepts because of leakage rates or functional considerations, the
four remaining concepts Were the packed seal, external covers, bellows-loaded face seal, and
the spring-loaded spherical-seat seal. Application considerations for these seals included weight,
space, actuation rower, design simplicity, assembly, and servicing. None of these considera-
tions was important enough by itself to eliminate one of the four remaining seal concepts.
However, it was-felt that if a concept displayed improved leakage and an acceptable functional
level, then logistic considerations would show which of the candidates was likely to be the
best
'	 Except for the external covers, the weights of the remaining concepts were about the same.
The external cover required a separate pressure cover outside of the actuators and pivots.
However, it was probably the most straightforward way of keeping leakage low. Its disad-
vantages were that it rated poorly on weight, space, and servicing. The space requirements
for the other three systems were all about the same.
Of these three remaining systems, only the -packed seal was found to require higher actuating
w	 power than the baseline seal. Calculations indicated the possibility of low friction after the
seal had been worn in, but past experience contradicts these results, indicating that actuation
power might well be too high to be acceptable.
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The packed seal also exhibited a difficult assembly and servicing requirement. The baseline
seal was torqued down during assembly, so that the unloaded actuating torque was 1.5 in-lb.
The packed seal also required preloading by torquing the seal during assembly. However,
the sealing ability of the packed seal depended on the packing pressure against the vane shaft.
The compressor pressure load would not markedly assist the sealing, as it does for the base-
line seal. Thus, leakage past the packed seal would be slightly more sensitive to initial ad-
justment.
The packed seal would have to be worn in without loss of sealing ability. This too, would
complicate the assembly and servicing, since wearing in would have to occur before final
installation.
Bellows-.Loaded face seals do not have to be preloaded by torque adjustment: they can be
assembled as a cartridge. Thus, they represent a gain in assembly and in servicing ease.
The spring-loaded spherical-seat seal likewise did not need to be adjusted on installation.
However, its ;assembly was more complicated because one part of the seal must be firmly
attached to the vane shaft. These two effects tended to counterbalance each other, so far as
assembly and servicing were concerned. Consequently, this seal was rated equal to the base-
line seal.
PWA-4059
- C. DESIGN VARIATIONS
Design variations involved refinement of the concepts and review for comments .;Ind sugges-
tions with seal manufacturers. The final feasibility designs were prepared in the light of these
comments.
A sketch of a single-bellow seal design (shown in Figure 119) was sent to several manufacturers
.', for comments and recommendations. One seal manufacturer responded with the sketch shown
in Figure 120. This design incorporated a. housing over the seal rather than trapping the pivot
f between the engine case flanges. Also in this design aluminum oxide or tungsten carbide was
used rather than graphite as the face material. These materials were considered as alternatives
to graphite or boron nitride, but they have much higher coefficients of friction. Because the
seal manufacturer recommended the use of a larger bellows, it was decided that for the final
feasibility design further consideration would be given to a machined bellows of only one halfi.
or one convolution. This was made necessary because of the tight circumferential spacing of
the vane pivots at a given stage.
Figure 121 shows•another version of the bellows-loaded face seal, incorporating the thru§t face
at a point on the pivot shaft further from the primary gas path. Some thermal advantage could
be achieved by this relocation, because the temperature would be between 50 and i00°F
cooler than at the inside. This much of a temperature advantage could make a graphite
coaxing more feasible. There would be no advantage gained for the other candidate face
j'- materials. A similar scheme was considered for the spherical-seat seal.
M
1 THRUST FACE	
-
.a
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p
M	 .,
Figure 119	 Single-Bellows Seal
r,
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Taking into consideration the results of the screening study, the comments of the seal vendors,
and the possibilities reviewed in the design variation studies, three seal designs were recom-
mended to NASA for final feasibility analysis. These three designs were the spherical-seat
face seal (Figure 122), the single-bellows face seal (Figure 1.23), and the double-bellows face seal
(Figure 124). On October 7, 1965, NASA approved the final feasibility studies for the spherical-
seat face seal and the single-bellows face seal. These feasibility studies are discussed in the
next two sections.
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SCHEME B —SINGLE BELLOWS FACE SEAL
°	 THIS DESIGN IS SIMILAR TO THE DOUBLE BELLOWS SEAL, i
>a	 EXCEPTTHAT ONLY ONE SEALING FACE 1S BELLOWS __	 SCHEME B
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Figure 123 Single-Bellows °Face Seal
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SCHEME G— DOUBLE BELLOWS FACE SEAL -
r:l THIS DESIGN OFFIr=RS MAXIMUM TOLERANCE TO DEFLECTIONS
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,	 '• WELDED METAL BELLOWS. THE SEAL PIECES ARE MADE OF
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Figure 124
	 Double-Bellows Face Seal
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D. FEASIBILITY ANALYSIS OF THE SINGLE—BELLOWS FACE SEAL
The single-bellows face seal offers a potential leakage .advantage over other seal configurations.4	 k
As adapted to the vane pivot, it offers a relatively simple solution to the problem of prevent-
ing leakage of compressed air out of the compressor through the compressor wall. Such a 	 r
z design consists of relatively simple components, which can be fabricated at moderate cost.
The seal can be made small enough to fit any vane location in the compressor and pressure
balanced to accommodate any pressure level. Because of this versatility, the seal can be used
over the whole compressor, or merely at the high-pressure stages, as desired.
The design of the single-bellows face seal is shown in Figure 123. It has a flat seal face held in
contact with its seat at all times by the spring action of a lightly loaded bellows. The seat
against which the seal face rides is mounted as a separate piece to minimize distortion. The
seal is formed between a seat fastened to the shaft and a face seal (nose) held to the housing
by a bellows. The high pressure is on the outside of the bellows. The thrust caused by the
r internal pressure ofthe compressor is taken up on a thrust collar located at the compressor
wall.
1. LEAKAGE CALCULATIONS
The leakage for this seal can be estimated using conventional equations for purely viscous flow.
J The leakage rate through a slit is
h3	 p l
	
2	 r
M
	
P 2 P2
1
f	 >
24 u b P
2
where
F
kf
m	 = mass flow rate per unit width (lb-sec/in g )
112 _ 	 mass density of the upstream gas (lb-sec t /in4 )
P2	 =pressure of the upstream gas (lb/in g )
R P1	 = pressure of the downstream gas (lb/in g
 )
h	 =gap film thickness (inches)
µ	 _ viscosity of the upstream gas (lb-sec/ing)
_yrI
,.. b	 _ leakage path length (inches)
The leakage path thickness in the case of two closely fitting surfaces is taken here to be twice
the rms waviness (B) of the surfaces. Then
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B3 p2 P2	
pl	 2	 8 B3 
p2 p2 
+ 
Fl
^.
m	
24 µ b 1	 P2 24µb PL	 OP
I
2 —	 lwhere AP = P	 P
The leakage rate for the vane pivot seal can be calculated using the mean circumference of
the seal,
} R + R
R,—	
o
.- a
2
where
Ro
	= outer radius of seal, inches
Ri
	= inner radius of seal, inches
Then,
r
w	 = g x 2 7r R' m pounds per second
27t g B3 P2
	
,	 P2 + Pl	 27r	 B 3 R ` P2 + PI	 P2
:.
R	 OP3 µ b	 P2	 3	 g µ b P2	 AP	 R T2	
.
where
g	 _acceleration due to gravity (in/sec 2 )
R	 = gas constant (in 2 /°R — sec2
F
T2	 = seal inlet gas temperature CR)
Then to find the volumetric flow at standard conditions,
wx60
V —
y
P
where
	 p _ density of air at standard conditions, or ti.
lbf sect
p	 0.00237
ft4
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Using the following input for contract-specified test rig conditions,
B	 = (3 helium light bands) = 3 x 11.6 a 10 -6 inches
y
OP	 = 135 psi
=z
0.75
R'
	
=	 inches4
0.25
b	 =	 inches4
µ	 = .039 cp = 5.65 x 10'9 lb-sec/in2
g	 = 3862
 in/Sect
P2
	= 150 Asia
P 1 	= 15 psia
T2	 = 1200°F = 1660 OR
Ak
I R	 _ 246500 2
 in2/°R-sect
;i
Flow rate is:
W	 = 9.86 x 10._71b/sec
.; V	 = 0.00079 scfm
-2. ACTUATION 'TORQUE
The torque required to move the actuator could only be estimated, since accurate friction
'	 - coefficients were not known. However, the friction coefficient of tungsten carbide against
aluminum oxide was assumed to be 0.3, and torque was obtained as follows:
t T = 0.3 R	 (F	 + F) + bending moment effect, inch-poundsmSEAL	 THRUST	 SEAL
V
y where
R 	 SEAL is the mean radius of the thrust collar and seal
v^
T = 1.53 in-lbs + bending moment effect
t -	 _
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1under test rig cruise conditions. This was based on current design dimensions, OP = 135 psi,
and seal pressure = 12 psi due to the bellows.
it	 3. LIFE
The seal materials chosen were tungsten carbide running against aluminum oxide, for which
wear data had been obtained at Union Carbide (Reference 10) as follows for 500 psi face pressure:
•	 rotated part, 43 x 10-6 inches/ 1000 feet of rubbed distance
•	 stationary part, 12 x 10-6
 inches/ 1000 feet of rubbed distance
Therefore, where t = operating time in minutes (for 2000 hours), anticipated wear is
2(20)
55 x 10-6
CP1V1x360 x 27rxR'xt
1000	 = 720 x 10 "6 inch
Of the various other material combinations reported by Union Carbide the best combination
would reduce total wear to 400 x 10-6
 inches. Either of these figures is much less than the
thickness of the flame-sprayed coating, but considerably more than the uneveness left on the
finished surfaces without	 s flame-sprayed coatin	 Hence, it becomes a matter of judgmentp	 y	g• j	 g
f as to which surface combination to use. The wear rates were calculated for 2000 hours of
± 20 degree cycling at 10 cycles per minute and for the 500 psi test load condition. This is
undoubtedly a higher number of cycles than will actually be encountered, the pressure is
nearly 2 times as high as will be used, and the real cyclic rate will probably be closer to an
,r average of 1/2 cycle per minute for the frill period. Therefore it appeared that either material
combination would be sufficient. Mechanical Technology Incorporated gathered data on
tungsten carbide against aluminum oxide and found the combination to be good for long
p. wear. This familiarity lent confidence in choosing this combination for this application.
4. COMPARISON WITH CURRENT VANE PIVOT SEAL PRACTICE
a. Size and Weight
Each seal assembly extends radially outward about 2 inches from the outside of the com-
pressor wall. The distance from the outer surface of the seal to the inside wall of the housing
is about 0.55 inch. The weight of the seal, exclusive of vane pivot shaft, actuator arm and
j bolt, and housing is 0.025 pound, about the same as the weight of the baseline seal. It should
be noted that the baseline seal, while being used for comparison, was not designed for or
" used under the conditions specified for the work under this contract.
E b. Design Simplicity
t	 i
The complete unit is assembled in seven parts, considering the actuator assembly and tie-down-
"_ bolt as one part, the bellows-seal, assembly as one part, and not counting the vane pivot shaft
r "
;
or housing.
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Steps in assembly are as follows:
•	 Drop in bellows-seal assembly, press to fit.
'i •	 Insert housing bushing inside of housing. Thrust collar is part of the bushing.
•	 Insert vane pivot shaft with seat cylinder attached through housing from the inside.
t
•	 Place lower spring guide, spring, and upper spring guide.
i
•	 Assemble actuator on shaft.
•	 Install and tighten bolt on shaft. This will load the thrust collar against the housing,
and compress the bellows slightly to make a good seat at the face seal.
Disassemblys	 sistcan Ue accomplished b
	 using the same steps 	 reverse. Servicing will conp	 Y	 g	 p	 g,.	 ^.
of inspection for wear and distortion on thrust collar and face, and seal face and seat. The
parts can be replaced as necessary, and need not be used as matched parts or in matched pairs.
The basic material used throughout the seal is Inconel X-750. However, several parts require
r coatings, inserts, or other structural material. The basic requirements of the materials at
various points in the seal assembly are to retain dimensional stability at temperatures as high
as 1200°F to provide good wear life at high temperature while in slight motion, to have a re-
{ latively low coefficient of friction at high temperature and high load, and to be capable of
 forming a very good static seal between parts at high temperature.
( To accomplish these tasks, the following materials and coatings are used:
' •	 Silver plate on all statically mating parts
•	 Seal face: 0.0025 to 0.003 inch thick aluminim oxide
•	 Seal seat: 0.0025 to 0.003 inch thick tungsten carbide (LW-5)-{
The bellows is Inconel X-750 or 718. The actuator arm, spring and spring guide are AMS
5616. The self-locking nut is AMS 5735. All other parts are Inconel X-750.
The clearances, tolerances, and finishes in specific parts must be held quite closely. The seal
face and seat is to be finished to a flatness of 3 helium light bands. The parts that fit over
_ the shaft are 0.0002 inch to 0.0006 inch loose. Stationary mating surfaces are given a 32
microinch (rms) finish. The seal seat has a slight interference fit with the seat housing to 
	 '
..Fr
ensure zero leakage between them.
The coating materials, use of the bellows, and better finishes represent the main difference
between this seal and the baseline seal.
y
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c. Tolerance to Foreign Particles and Load Deflections
.,: Overall tolerance to dirt and cocking for the single-bellows seal appear to be good. The seal
face and seat are kept in a mating position at all times so that dirt can not ordinarily get
h. e
between them. The loading force is about 0.9 pound. The required impact to separate the
two faces, therefore, is over 1000 g's. This is such a high level that it will never be enountered
in an operational engine.
Since the surfaces are not exactly mated (the helium light bands flatness corresponds to 34.8 x
10-6
 inches (variation) there is a possibility that dirt particles up to 69.6 x 10-6
 inches dia-
meter can become deposited in the seal. This, then could cause the gap to increase by that
amount as the seal rotates. The leakage could then go as high as 8 times the quoted flow.
This is still much less than present leakage values. Dirt particles that could get in the gap will
tend to be worked out by the reversing motion of the seal face as the actuator moves back
and forth. Since the surface materials are very hard, the probability of developing scratches
is very low. The wear particles of the surface materials are probably the hardest that will be
encountered. These, of course, should be smallenough to polish the surfaces as they are
being worked out rather than causing damage.
The bellows has good bending flexibility so that a cocked attitude of the shaft should have
no effect on the ability of the seal faces to mate.. If there is any cocking or misalignment,
there will be a tendency for the seal to ride off-center. However, this will only slightly re-
duce the effective length of the slit rather than cause any serious departure from design per-
formance.
'. The baseline seal does not use finishes as smooth as those on the bellows4oaded face seal, so
larger dirt particles can enter and causing scratching and wear. Also, the baseline seal can
become unseated when cocked, so leakage rates with the baseline seal are unavoidably higher
than for the new design, and wear can be greater.
a
d. Reliability
r^
Overall reliability considerations, other than those above, depend largely upon the integrity
of the bellows, the flame-sprayed coatings, and the electrofilm coatings. Past experience with
f similar coatings, has been satisfactory, but design reliability can only be proven by testing.
The life and wear of the coatings have already been discussed, The installation of the bellows
a, is predicated upon advice from bellows manufacturers. It has been stated that externally
.' pressurized bellows offer less problem with squirming, and therefore less problem with proper
mating, than with internal pressurization. The pressure-induced stress in the walls of the
bellows is always less than 17,000 psi. The-0.0001-percent creep/hour of Inconel X at 1200°F
^i psi, is about 62,000	 full	 heat treated, thereby realizing sufficient safety factor to account^	 Y
k k for some bending, squirming and compression-induced stresses.
It is concluded that the only unknown design aspect for overall reliability is the life of the
electrofilm coating. Other points, although better understood, need experimental verification,
too. These would include integrity of the flame plated material; the bellows integrity; the
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ability of the silver plated parts to resist galling; and the ability of the loaded face seal to
resist opening with shock load and cocking loads, and to withstand the action of very small
`.	
dirt particles which may tend to wear surfaces and open the seal.
e. Air Leakage Rate and Actuation Torque
The calculated leakage of the single-bellows face seal was 0.00079 scfm at a pressure drop of
135 psi, or about 0.0004 scfm at 94 psi. The measured leakage of the baseline seal was 0.004
scfm at 94 psi, which make it appear that leakage past the bellows-loaded face seal would be
`	 as much as an order of magnitude lower than that of the baseline seal.
The measured actuating torque for the baseline design when no pressure is applied is 1.5 in
lb. The calculated torque required when pressure (but no bending load) is applied is 3.8
in-lb for an assumed friction coefficient of 0.1. This compares to 1.53 in-lb calculated torque
requirement (without bending moment effects) for the new design.
4
a
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E. FEASIBILITY ANALYSIS OF THE SPHERICAL—SEAT FACE SEAL
The spherical-seat face seal for the vane pivot offers excellent sealing properties A the ex-
pense of requiring very fine finishes., This vane sealing method can be utilized anywhere
along the compressor.
The design of the spherical seat face seal is shown in Figure 122. It combines the thrust face
and seal face and does not require a bellows. A spring is used to keep the two faces together
at all times. The spherical geometry, combined with the lack of radial restraint on the seal
permits it to seek its own alignment and therefore stay seated even though there may be
some shifting of the axis as a bending moment is applied to the vane. The seal is formed bet-
ween the spherically concave seat located in the housing and the spherically convex seal held
to the shaft. This surface is also the thrust bearing for the vane: the loading due to com-
pressor pressure is taken by the seal. The seat is not tightly confined perpendicular to the
vane axis. This permits motion required to keep the sphere seated, as a bending movement
is applied to the vane. The high pressure is on the outer diameter of the seal surface. Mate -
rials selection appeared to be the biggest technical problem.
L LEAKAGE
The leakage, for this seal is somewhat more difficult to analyze than for the bellows4oaded
face seal. The 'finish is better for the spherical surface and is lapped to fit the seat almost
perfectly. If the seal is well seated, an estimate can be made using the rms finish as the half
{ width of the slot. This gives a calculated leakage of about 1/2 of that for the bellows loaded
face seal, or V = 0.0004 scfm at engine conditions. The probable degree of non-seating with
this seal is unknown, since there will be friction tending to prevent proper seating. If un-
f '"	 seating does actually occur, the leakage rate of this seal will exceed that of the bellows faceF	 M,
seal, This effect can be properly evaluated only by testing.Y.
2. ACTUATION TORQUE
The torque requirement for actuation was estimated using an assumed friction coefficient of
against silver0.1 for carbon against tungsten carbide and 0.2 for silver a 	 .
,.
	
.,	 g	 g	 g
Thus
^`'	 T 0.1 x R x F	 + bending moment effects = 0.54 in-lb + bending moment effects
t '..
	 m	 THRUST
This is an approximate value for actuation torque under test rig cruise conditions.
`	 3. LIFE
The wear rate on the thrust bearing could not be calculated directly. However, it had been
 c	 Y	 reported by the vendorthat the grade of graphite used here will last 2000 hours when Pv is
less than 15, 000, where P is in psi and v is in ft/min.,a
z
	
	
,
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The conditions estimated for service of this seal are 20 degrees of rotation at 10 cycles per
minute. The thrust force to be taken up is approximately the area inside the outer edge of
the seal times the pressure differential
2
F = 7r Ro A P pounds
where Ro is the outer radius of the high pressure zone.
Then
Y '	 ^rRo OP
P THRUST	 2	 2	 210 psi for cruise conditions,
rr (ro - r )
A ; where r referes to the thrust face. v can be taken as the mean rubbing speed of the seal, or
'^:!
	
2CL TOTAL
v = CPM	 2 rr R'	 = 0.218 ft/min
360
ro - ri
where R'
2
a TOTAL	 rotation angle, degrees
therefore t
P	 v 46THRUST 	 -
_;	 This number is so low that there should be no questions about reaching 2000 hours life in theV
test rig. However, wear due to oxidation could be significant.
The loading on this seal is such that the mean P THRUST v for the carbon is much. lower than_.
the recommended upper limit. Therefore, wean should be satisfactory for this seal'.
There are no wearing urfaces in this seal made u of one ceramic against another. T?,1^, factg	 p	 g
s reduces the uncertainties of allowable wear rate to just that which the Purebon'56-Fi g" can
take
4. COMPARISON WITH CURRENT VANE PIVOT SEAL PRACTICE
a. Size and Weight
4
The complete assembly extends about 2 inches radially outward from the inside of the com-
pressor wall The distance from the outer surface'of`the seal to the inside wall of the seal
housing is 0.65 inch. The weight of an individual seal assembly, exclusive of vane pivot
shaft, actuator arm and. bolt, and seal housing is 0.025 pound. ,These sizes and weights are
comparable to those for the baseline seal.
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b. Design Simplicity
The complete unit is assembled in seven parts, considering the actuator lever and tie-down
bolt as one part, considering the seal and retainer ring as one part, and not counting the shaft.
Assembly is accomplished as follows.
r
•	 Press in housing bushing.
•	 Drop in seat and retainer ring until it seats against housing shoulder.
•	 Press seal onto vane pivot shaft.
•	 Insert vane pivot shaft through housing from the inside.
0	 Place spring guide and springs over shaft.
•	 Assemble actuator on shaft.
•	 Install and tighten bolt on shaft. This will load the seat to the housing shoulder,
thereby making a stationary seal between the primary seal and the housing.
Disassembly is accomplished by reversing the above operations. All faces and seats would be
inspected for wear and replaced as necessary . The spherical seat and seal face will have to be
f` replaced as matched pairs.
„i
The basic material of construction is Inconel;X-750. As for the single-bellows seal, however, i
! several faces and surfaces have to be of other materials. The spherical seat will be a shaped
. carbon mass held in its retainer ring. The seal itself is flame-plated with 0.0025-inch to 0,003-
f inch thick tungsten carbide (Linde LW-5). All Inconel parts required to form a static seal
are plated with silver.
Required fits and clearances for a properly functioning seal are as follows:
•	 Seal: 2 rnicroinch (rms) finish
•	 Seal and seat lapped together
4
The main complication of this seal over the baseline seal is the use of very good finishes on
.^ the sealing parts. Some simplification exists with the new design in that the seal also serves 4.
.?	 • as the thrust collar, a separate part in the present design. :.
c. Tolerance to Foreign Particles and Load Deflections'.
F This seal resists the action of cocking and misalignment by utilizing a spherical seal and seat. as
The friction coefficient between the two parts is low, so there will be a great tendency to >
remain seated with only a small applied force from slight spring compression. Any external
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vibration will assist in achieving such seating. The force r tending to keep the two parts seated
is three pounds, but this must act at an angle as low as 22 degrees. This provides centering
forces as low as 1.2 pounds. However, the friction force resisting cent. Ting is 0.32 pounds,
with. a friction coefficient of 0.1. These values appear to be satisfactory for centering and
resistance to tilting with cocking loads.
The finishes specified should keep dirt out of the face seal, even down to a particle diameter
of 4 x 10-6 inch.. The effect of such small particles on the seal, if they should enter, would
be two-fold: a tendency to separate the faces and a tendency to imbed in the carbon. Neither
effect would be serious, since the increased leakage of such a small lift is negligible as far as
absolute amount is concerned, and small imbedded particles will not seriously affect either
wear or leakage.
The baseline seal has a much rougher finish than the spherical-seat seal, so large dirt particles
can enter and cause scratching and wear. Also, the baseline seal can become unseated when
cocked, so leakage rates and wear are unavoidably higher in the present design than for this
new design.
d. Reliability
Overall reliability will depend on the integrity of the carbon inserts, the flame plating, and
the ability of the silver plate to resist galling. Past experience of a general sort is available on
all of these, but little specific information is available. Basically, it appears that the overall
reliability should be good. The design aspects requiringexperimental verification are life of
	 k
R	 the carbon inserts at 1200'F, flame plate integrity, the ability of the seal to remain seated,
and the action of small dirt particles on wear and leakage.
e. Air Leakage Rate and Actuation Torque
.K
The estimated leakage rate of the new design is ,0.0004 scfm at test conditions, or about
e.00002 scfm at 94 psi pressure differential. This is 1 20 of that measured for the baseline^	 K	 p p	 ^	 s m
^a
design at 94 psi.
The calculated torque requirement is 0.54 in-lb (without bending moment effects) for the
new design, compared to 3.8 in-lb calculated for the baseline design without bending moment
_effects.
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VII. PIVOT BUSHING AND SEAL
EXPERIMENTAL EVALUATION
A. BACKGROUND
This phase of,the program provided for final design and procurement of bushings and seals,
design and fabrication of a test rig, and experimental evaluation of bushing and seal assemblies.
The final design of the two selected concepts (a single-bellows seal and a spherical-seat seal)
included all calculations, material determinations, analyses, and drawings necessary for opti-
mization, procurement, and experimental evaluation.
A single-vane test rig was designed and fabricated to evaluate the two selected pivot bushing
and seal designs under simulated operating conditions for the last compressor stage. The
vane and actuating mechanisms were applicable to current advanced engine practice.
i
The pivot bushing and seal assemblies were calibrated in incremental steps over the full
pressure and temperature range, with a maximum pressure of 135 psi and a maximum tem-
perature of 1200°F.
The seals were subjected to a test program which simulated take-off for 20 hours and
cruise for 20 hours. Later, the seals were subjected to a cyclic endurance run of 40 hours.
The take-off and cruise simulations provided conditions typical of advanced engine designs
through duplication' of:
,I
•	 Compressor stage air temperatures
0	 Supporting structure geometry
C	 •	 Supporting structure temperatures
I. 2	 •	 Pivot movements as required for the vanes
•	 Pivot loading (mechanical loading was used to simulate air loading)
•	 Compressor stage pressure drop
The pivot movement was 13 degrees at 9.6 cycles per minute. The pivot loading included
a vibratory load superimposed on the steady load and equal to approximately ±15 percent
of the steady load.
'
nM
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B. SEAL DESIGN
1. SINGLE-BELLOWS VANE PIVOT SEAL
The final design layout of the single-bellows vane pivot seal is shown in Figure 125. It is a flat
face seal mounted on a bellows to keep it free from distortion. With a slight load on the
bellows, its spring action holds the seal face in contact with the seal seat at all times.. The
seat is pressed onto the vane trunnion shaft and the bellows seal assembly is pressed into the
housing. High-pressure air is on the outside of the bellows. A radial thrust caused by the
internal pressure of the compressor is taken up on a thrust collar located at the compressor
wall.
:.N The seal face of the bellows assembly has a nominal outside diameter of 0.500 inch and a
surface width of 0.100 inch. A flame-sprayed hardface deposited on this surface is lapped
`	 { to a flatness of 20 microinches and a surface finish of 5 microinches (arithmetic average).
The seal face (or nosepiece) is welded to the bellows, which has an outside diameter of
°J 0.500 inch and an inside diameter of 0.300 inch. The bellows is constructed from 5-mil
sheet stock, and welded into 15 single-ply convolutions. In turn, the bellows is welded
to an adapter containing puller holes so that the assembly may be pulled into the seal
housing on its snap diameter and seated against a shoulder. The seal's nominal free length
from the adapter seat to the seal face is 0.541, inch, and it has a nominal operating length
of 0.536 inch. The maximum bellows face loads are 4.25 pounds at 0.534 inch and 0.55
pound at 0.538 inch.
i
A flame-sprayed hardface is applied to the seal seat and lapped to the same specifications
as the bellows seal face. The combination vane sleeve and seal seat is pressed onto the
:. _simulated vane and finish ground on the outer surface. There is no hardcoat on this journal
	 -
surface. The simulated vane bending
	 oment is supported by the vine sleeve and a bushing
installed in the seal housing. The radial thrust loading is supported by a thrust collar at the
9 fbase o the vane bearing 	 sg against the top of the bushing. The bushing is installed i n the seal
`l housing with a press fit, and the inner surface is then finish ground. The clearance between
the bushing and the vane sleeve when the vane is not loaded is 0.001 to 0.004 loose.
Material selections for the single-bellows seal are tabulated in Table I11.
TABLE III
a; MATERIAL SELECTIONS FOR THE SINGLE-BELLOWS SEAL -
w Simulated Vane	 AMS 5663 (Inco 718)r
Vane Sleeve/Seal Seat
Base Material	 AMS 5663(Inco 718)
Seal Seat Hardcoat 	 Al
Unit 3
	 Tungsten Carbide (Linde LW5)
Unit 4	 Chrome Carbide (Linde LC1C)
Bellows Seal Assembly
Seal Face Base Material 	 AMS 5664 (Inco 600)
Seal Face Hardcoat
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TABLE III (CONT'D)
Unit 3	 Tungsten Carbide ( Linde LW5 )
Unit 4	 Chronic Carbide (Linde LCIC)
Bellows	 AMS 5542 (lnco 7.50)
Bushing*	 AMS 5387 (Haynes Stellite 613)
kI	 ,.
I
EVE
SEAT
SPRING
z
U
GUIDE
1
i`1
Figure 125
	 Single-Bellows Vane Pivot Seal (XP-9777)
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2.	 SPHERICAL-SEAT VANE PIVOT SEAL
The final design layout of the spherical-seat vane pivot seal is shown in Figure 126. It differs
.:
from the single-bellows configuration in that it combines the thrust face and seal face. Seal-
ing is accomplished by seating a convex seal face in a concave seal seat. A second seal inter-
face occurs between the flat surface of the spherical seat and the base of the seal housing.
A helical spring outside the seal housing and concentric with it keeps the seal surfaces in
}:. contact at all times. High-pressure air is on the outside of the seal. Radial thrust caused by
the internal pressure of the compressor is transmitted through the spherical seal and seat to
the seal housing.
The combination vane sleeve and spherical seal is pressed onto the simulated vane rod
trunnion shaft. The outer surface of the vane rod is silver plated in this area prior to
:t installation to facilitate installation of the sleeve and to seal the interface.G.,
The seal seat is dropped into the housing with no radial retention. This allows the, seat to
align with the seal when the vane cocks under a bending load. The nominal radius of the
spherical mating surfaces is 0.4060 inch. A flame-sprayed hardface is applied to the
spherical seal and to the base of the seal housing. Both hardface surfaces are lapped. The
spherical seal is lapped to the spherical seat at assembly. Clearance between the sleeve and;. bushing is specified to be 0.001 to 0.004 inch loose.
The material selections for the spherical-seat vane pivot seal are listed in Table IV.
I}
4	 `
J. TABLE IV
MATERIAL SELECTIONS FOR THE SPHERICAL-SEAT SEAL
v Simulated Vane	 AMS 5663 (Inco 718)
Vane Sleeve/ Spherical Seal
Base Material	 AMS 5663 (Inco 718)
r Seal Hardcoat
Unit 5	 Chrome Carbide (Linde LCIC)
' Unit 6	 Tungsten Carbide (Linde LW5)
^:
Spherical SeatI Unit 5
	 Carbon 56HT (Pure Carbon)
Unit 6
	 AMS 5387 (Haynes Stellite 6B)
r = Seal Housing
Base Material
	 AMS 5646 (SST)
Hardcoat
Unit 5
	 Chrome Carbide (Linde LC 1 C)
Unit 6	 Tungsten Carbide (Linde LW5)
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C. TEST EQUIPMENT
1. RIG DESCRIPTION
The test rig (shown in Figure 127) was a small stainless-steel body with a hollow cylindrical
core into which the simulated vane rod was inserted. The smaller test seal housing con-
taining the seals was bolted to the rig. In line with and perpendicular to the vane rod was
a push rod and bellows assembly. This assembly was contained in a small pressure chamber
bolted to the rig. A steady-state bending moment was imposed on the vane rod by displacing
a cam installed on an 1800-rpm motor mounted on a lead-screw slide. A vibratory component
equal to 15 percent of the steady-state load was superimposed on the vane by rotating the
cam. Two cams were used for this purpose, one to simulate cruise, the other for take-off.
The displacement of the cam was transmitted to the vane rod through the push rod. The
bellows assembly in the pressure chamber provided a seal for the push rod entering the rig
chamber. Since the bellows would have been overstressed at high pressure differentials, air
of equal pressure was admitted around it. The air leaked to the atmosphere around the
shaft, providing cooling. The flow was appreciable, but was not in the test leakage measure-
ment circuit.
The simulated vane rod trunnion shaft passed through the test seal housing to the outside
of the rig, where it was linked to a 9.6 rpm motor. This motor cycled the test seals through
' a 13° angular oscillation.
Three electric immersion Calrod heaters were embedded in the rig housing to maintain the
	
-required air temperature surrounding the simulated vane. Later in the program, it was 	 1
found necessary to supplement these with three strap heaters bolted to the outside of the
rig. No attempt was made to preheat the air entering the test chamber, since the leakage
rates were expected to be small. 	 •
..t
.a
I
2.	 INSTRUMENTATION
L	 $'i The basic instrumentation remained unchanged throughout the testing program. However,
there was a need to make some changes over the initially proposed instrumentation discussed
here. These changes will be pointed out in the later discussion on rig shake-down testing.
In the original test scheme shown in Figure 127!, test seal leakage was to be measured upstream^.
of the rig by monitoring total airflow into the test cavity. This was to be accomplished with
the use of a capillary flowmeter and a water manometer to measure thepressure differential
	 y
across the flowmeter. The flowmeter was designed to measure_ the expected low seal leakage,
and was made of a steel capillary tube having a 0.008-inch inner diameter. The 20-inch long
1 tube was brazed into end fittings and supported by an external shell. The laminar flow
through the tube was directly proportional to the pressure drop.
,Yt
Rig cavity pressure and balance-chamber pressure were measured with standard pressure
,
gauges. Strain gauges were utilized to measure vane pivot actuation forces and vane deflection
I loading. The push rod used to transmit the static vane-bending moment and the superimposed
vibratory load is shown in Figure 128 with a close-up view of the strain gauge installation.
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Figure 127 Schematic of the Original Design of the Stator Pivot Seal Test Rig (XP-82625)
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Figure 128 Push Rod and 25X View of Strain Gauge (XP-78044. XP-80223)
The strain gauges were installed in a four-arni bridge mounted on a tube (0.042 inch OD by
0.038 inch ID) to measure the steady-state load to the simulated p ane. The gauges were
made front Constantan roil with a grid size of 0.015 by 0.020 inch. They are accurate
within a temperature range of-i00°F to +400'F. The gauges were instilled so that tlicy
measured pure axial strain on the tube.
Two dynamic strain gauges installed in a two-arm bridge at the hale of the vane rod
measured the vibratory load and served as a backup to the four-arm bridge installed on
the push rod. The dynamic gauges were made of nichrome-base alloy, and had a grid size
of 0.062 by 0.1 25 inch. A simulated vane with the two-arm bridge installed is shown in
Figure 129.
Figure 130 shows the vane actuation link. A four-aria bridge strain gauge was used to measure
vane Pivot actuation forces. The bridge was installed at a location where the cross section
was reduced to Provide greater sensitivity. The gatiges were made of a nichrome-base alloy,
and had a grid size of 0.062 by 0.067 inch.
The gauges of all three installations were comincrcial gauges iuunufactured by the Budd Com-
pany. Prior to installation, each assembly was calibrated over its expected load range. The
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figure 129 Bridge Installation on Simulated Vane (XP-801 37)
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Figure 130 Strain Gauge and Vane Actuation Link (XP-80487, XP-80488)
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lead work for the bridge at the vane base was coiled to allow the vane rod to be rotated.
Leads from, that location were then passed through ceramic inserts in the seal housing. A
high-temperature enamel was used to seal the holes in the housing and inserts. Sketches of
the gauge installations are shown in Figure 131.
Temperatures of the seal, bushing, and rig housing were measured with grounded immersion-
welded junction thermocouples. Seal temperatures were measured with two Chromel-Alumel
thermocouples, constructed of 0.010-inch diameter stainless-steel sheathed wire. The leads
were nickel-gold brazed to the vane sleeve seat and brought out through holes in the vane
housing. The holes were sealed with cement. Thermocouples at the base of the simulated
vane were similarly installed, except that they were attached by resistance-welding the thermo-
couple tip to the surface, and were not immersion welded. The thermocouples at the seal
and vane base were replaced with 0.020-inch diameter sheathed wire whenever the 0.010-
inch wire failed.
Seal bushing temperatures were monitored by two grounded immersion-welded junction
thermocouples constructed of 0.020-inch diameter stainless-steel sheathed wire. These were
inserted in holes through the seal housing and bottommed against the bushing. They were
furnace brazed in the same manner as the seal thermocouples.
Seal housing temperatures were monitored with 0;032-inch diameter sheathed wire. The
junctions were resistance-welded to the housing surface and displaced axially and radially
around the surface.
Air temperatures in the test cavity were sensed by two Chromel-Alumel bare-wire junction
thermocouples. The thermocouples were constructed of 0.062-inch diameter sheathed wire
and passed through holes in the rig housing. These thermocouples were also nickel-gold
brazed into place.
Three grounded immersion-welded thermocouples brazed into blind holes measured the rig
housing temperature. The wire size for these thermocouples was 0.062-inch diameter.
All of the thermocouples were connected to a potentiometer for temperature readout. Fig-
ure 132 shows the instrumentation and control panel, as well as a rear view of the panel with
the test rig and associated hardware mounted.
3. RIG SHAKEDOWN AND MODIFICATION
a. Test. Unit I
The first test unit was made up of a single-bellows seal assembly, the vane rod and sleeve as-
sembly and the seal housing and bushing assembly. The unit was assembled and installed in
the. rig to determine the integrity of the rig. Bending loads were applied to the simulated vane
while the vane was rotated through its 13° cycle. The rig was pressurized and leak checked.
Air losses were extremely high, beyond the capacity of the capillary flowmeter. It was found
	
t
that much of the leakage was passing through the instrumentation lead holes through the
seal housing and through the snap diameter at the bellows. After disassembly, it was also
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found that air was also leaking through in,trunlentation hales in the vane rod and between
the vane sleeve and vane rod.
The four-arm bridge strair7 gauge installatior -in the hush rod was found to be faulty in its
operation. It was judged that too mlteh internal friction made the gauge readings unreliable.
This gauge was not used on later builds, since accurate readings were available froiii the strain
,auge at the vane base.
All other instrunient.rtion and mechanical workings of the rig functioned properly daring
this brief test run.
b.	 Test Un;t 2
To reduce the excessive leakage experienced with Test Unit I . four modifications were in-
corporated in Test Unit 2 and all later test units.
0	 The bellows seal assembly snap diameter was silver plated.
•	 The vane rod was silver plated at the sleeve interface.
•	 Silver braze was flowed around the seal thermocouples to seal the pass-through
holes.
•	 As shown in Figure 133, a soft stainless steel tube was brazed into the housing so
that thermocouple leads could be sealed at a low-temperature location.
Test Unit 2 used a spherical-seat seal. The seal was installed in th(_ rig and subjected to a
calibration program which ran for a little more than 1 I hours. T'iie program encompassed a
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Figure 133 Stainless Steel Tube for Thermocouple Leads AP-82624)
pressure range from 20 to 135 psi and a temperature range from room teniperaiure to 1200°F.
Simulated cruise and sea-level take-off conditions accounted for the 40 hours of endurance
testing, which consisted of alternating five-hour periods of cruise and take-off. This program
was performed to determine the rig's performance for extended periods of running under
endurance testing conditions.
When the testing had been completed, the test-seal leakage path was sealed off with a fl.J
plate, and the rig was recalibrated. Leakage during the recalibration was approximately the
same as that experienced with the test seal in place, Indica ting Lhat the rig static seals were
nct satisfactory. Leakage was also noted around the leads for the test-cavity air thernio-
couples.
During the testing of the seal. the commercial strain gauges at the base of the simulated vane
provided poor service under the bending and vibratory loading, especially at eievated tempera-
tures. The test program was interrupted several times for repairs to the gauges, and it was
finally necessary to repiace the gauges with new ones having a grid size of 0.12.` by 0.188
inch. The gauge location was moved ut! the rod to a position approximately 1.5 inches above
the base. The new location was chosen to reduce the strains on the ; auges in order to ex-
tend their fatigue lives. The new gauges had prwiously shown good relia^^ility under vibra-
tory load ,it high temperatures.
During the testing, thermal growth of the support arm attached to the rig body caused a mis-
aliznnient of the actuation rod. In Will. the misalignment caused considerable rubbing against
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the balance chamber metal seal and resulted in severe wear on the rod. As the wear progressed,
large airflows past the seal limited the rig's capacity to reach the higher pressure points. The
situation was corrected by removing the support arm from the rig housing and designing a
support which was independent of the rig. To reduce excessive air leakage in the balance
chamber, a teflon seal was fabricated to replace the metal seal.
To eliminate the air losses around the rig-cavity thermocouples, the rig housing around the
pass-through holes was machined to provide lips around each hole. The stainless steel sheaths
of the thermocouple wire were welded to the lip.
The flange seal seats of the rig housing were modified to accept new silver-plated all-metal V
seals as replacements to the spiral-wound static seals.
	
•	 c. Test Unit 3
l
	:f	 Test Unit 3 assembled with a single-bellows seal, and was tested for leaks with room-tempera-<<7
ture air. Even though significant improvement was noted, the leakage past the new static seals
and through minute cracks in the welded and brazed areas was still excessive in comparison
to the very low leakage rates expected from the test seals. It became apparent that it would
be impractical to measure seal leakage by measuring total airflow into the rig.
	
i	
An improved scheme was designed to measure only the air losses past the test seal. It is shown
schematically in Figures 134 and 135. Leakage past the test seal was to flow around the vane
rod shaft and be collected in a sealed cylinder. A bellows was provided to allow the vane
actuation link to oscillate. The collected gasses then flowed to a flow meter vented to the
atmosphere, making the pressure drop across the leakage collector essentially zero.
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Test Unit 3 was reasscmhlcd with this new scheme and installed in the rig. I  check the sys-
tem. it was first pressurized with a helitim tracer to 2 prig on the downstream side of test
seal. A mass spectrometer indicated that the system's leakage was less than the minimum de-
tectable with the spectrometer (5 X 10 S cc/sec). The rig was then pressurized with the
hclimil tracer to a pressure of Q0 psig. lhut the leakage remained less than 5 X 10— H cc/sec.
Seal testing commenced with this unit. and is discussed in Section E "Test Results". f=igure
136 shows the test unit installed in the rig.
Since the strain gauges on the vane actuation link were temperature limited, the lint: was re-
operated to remove them 1'rom the area of the higher heat source.
r► 	 ^ ^l	 ^	 ^ 
N
0
Figure 136 Improved Design of the Stator Pivot Seal Test Rig
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D. TEST CONDITIONS
The experimental MALKItion of the four variable-stator pivot seals was conducted under con-
ditions which simulated the final compressor stage of an advanced engine. Each seal was
f	 calibrated in increments over the full pressure and temperature range, with a maximum pres-
sure drop of 135 psi across the seals and a maximum air temperature of 1200°F. One. seal
of each design was endurance tested for 40 hours.
Table V illustrates the calibration program to which the seals were subjected. At each tem-
perature level the seals were pressurized through the range indicated. Throughout the cali-
bration a pivot movement of 13° was executed at a rate of 9.6 cycles pc r minute. During
the entire calibration of Test Unit 3, a vane bending moment of 30 in-lbs was applied. For
Test Units 4, 5, and 6, the vane bending moment was reduced to a more realistic value of
10 in-lbs at the 1000°F and 1 _'00°F test points. In addition to the steady-state vane bending
moment, a vibratory load equal to ±15 percent of' the steady-state load was applied to the
simulated vane.
Each test point illustrated in the table was held for 15 minutes, at which time the data was
recorded. The test schedule includes operation of the seal at conditions simulating sea-level
take-off and cruise.
TABLE V
CALIBRATION SCHEDULE FOR STATOR PIVOT SEALS
Rig Air. Temperature 	 Seal Pressure Differential (psi)
(°F)	 20	 40	 60	 80	 100	 120
	 135
Room Temperature X	 X X X X X X
200 X	 X X X X X X
400 X X X X X X
600 X X X X X X l
800 X X X X X
1000 X2 X X X X2
1200 X3 X X2
Room Temperature X	 X X X X X X
1 Sea-level take-off
,Point added for Test Unites 4, 5, and 6
3Cruise
The vane pivot seals were subjected to an endurance run of 40 hours duration. The program
provided for ?0 hours at simulated take-off conditions followed by 20 hours at simulated
cmise conditions. During the endurance test, the vane was actuated through the 13 0
 pivot
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movement at the rate of 9.6 cycles per minute. Vane bending moments were 30 in-lbs for
sea-level take-off and 10 in-lbs for cruise conditions. A vibratory load equal to ± 15 percent
of the steady-state vane bending moment was superimposed on the steady-state load.
Seal leakage rates were found to be so low during endurance testing that the only means avail-
able to measure them was the use of a bubble tlowmeter and a step watch. Flow rates were
taken during the course of a 15-minute time interval and averaged to provide a seal leakage
data point. The remaining experimental data was recorded at 15-minute intcrvals.
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E. TEST RESULTS
1. SINGLE-BELLOWS VANE PIVOT SEAL
•	 a.	 Test Unit 3
A dimensional inspection determined that all details of Test Unit 3 ( the first unit for test)
were acceptable for test. There were no serious deviations on the critical parts. The hardcoat
selected for this test was tungsten carbide (Linde LW5) on both the bellows seal face and the
seal seat. The seal face had been lapped to a flatness of less than 1 helium light band and a
surface finish of 5 to 8 microinches arithmetic average. The seal seat had a flatness of 2 helium
light bands and a surface finish of 3 microinches arithmetic average. The relatively high sur-
face-finish value for the seal face was caused by some porosity in the hardcoat. The bellows
spring rate wac 232 lblin, while the bellows compression varied from 0.0'47 inch on one side
to 0.0227 inch on the other side. The variation in bellows compression indicated a slight run-
out on the seal face. Clearance between the bushing and vane sleeve was 0.003 inch.
The test seal was assembled, installed in the rig, and calibrated. Seal losses were lower than
the range of the flowmeter, a 1/4-inch diameter Tri-flat tube with a nylon float. This flowmeter
was replaced later during the calibration prograin with a hubb y flowmeter and stop watch.
Some seal losses were measureable with the latter arrangement. The results of the calibration
program are shown in Table Vl. Seal leakage was measureable at the two highest temperatures
1 1000°F and 1200°F) and at the second room-temperature calibration. Vane bending moment
was held constant at 30 in-Ibs throughout the calibration. Total running time for the seal cali-
bration test was 14.5 hours.
TABLE VI
CALIBRATION OF TEST UNIT 3
Pressure
20 40	 60 40	 100 130	 135
AIR TEMP.	 Leakage Torque	 Leakage Torque	 Leakage Torque	 Leakage Torque	 Leakage Torque Leakage Torque Leakage Torque
F	 (SCFMI (IN-LBS) (SCFMI	 (IN-LBS) (SCFNI) (IN-1.115) (SCFM) (IN-LBS) (SCFMI (1N-LBS) (SCFM)	 (IN-LBS)(SCFMIIAN-LBSj
Room Temp. 6	 6	 • 6 6 1; 4	 3
200 3	 •	 3	 . 3	 • 3 - 2	 2
400 •	 2	 • 2	 • 2 2 1.6	 1.6
680 •	 3.2	 • 2	 • 2	 • 2 '	 2	 2.4
800 •	 4.8 4.8	 • 6.4 8 8
1000 • 7.2	 • 7.2	 0.100 7.2
1200 0.031 6.4	 0.052 6.4
R(X)M TEMP 20. 0.00023	 20•	 0.0014 20•	 0.007 2(N	 0.011 20. 0.014 14 . 4 0.0177	 17.6
*Less than Capability of instrumentation
Vane Bending Load 30 in - lbs Static
±4.E in-lbs superimposed at 1725 cps.
Vane Actuation - ￿ 6.5 0 at 9.6 cpm
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After calibration, the test unit was endurance tested for 40 hours, beginning with 20 hours
at sea-level take-off conditions. Leakage at start-up was high, but dropped rapidly as the debris
between the seal interface worked itself out and the seal seated.
Failure of the cam follower bearing interrupted the sea-level take-ol'f test. The first failure oc-
curred at the end of 4.5 hours and the second occurred at the end of 4.75 hours. The seal leakage
was a little higher on restart after both incidents.
Leakage in general was very low throughout the sea-level take-off test, running about 0.00069,
which compares very 1 -avorably with the analytical predictions ol' 0.00079. The results of the
endurance test are shown in Figure 137. Seal leakage at cruise conditions ran about 0.000'
scfni. At several points oil
	
curves of Figure 137, the data points are missing or show ex-
tremely low leakage. The data at these points are considered to be unreliahle because there
were several bubbles in t he flowmeter at once.
The torque required to actuate the vane during the endurance test is shown in Figure 138. It
was considered to be too high, and indicated an extremely high coefficient of friction. An
analysis to determine the cause of the high torque is presented in Section F "Torque Analysis".
0	 5	 10	 15	 20
TIME - HOURS
Figure 137 Air Leakage Past the Single-Bellows Vane Pivot Seal (Test Unit 3)
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Figure 138 Actuation Torque for the Single-13ellows Vane Pivot Seal (Test Unit 3)
On disassembly, a visual examination of the parts revealed some scoring and heat discoloration
on the mating seal surfaces, as shown in Figures 139 through 142. Sample temperatures recorded
during the endurance test are shown in Figures 143 and 144.
An examination of the bushing and vane sleeve bearing surfaces showed more severe scoring
than had been evident on the seal surfaces. The bearing surfaces are shown in Figure 145. No
measurahlC wear was fOLInd on the bearing surface or the seal surfaces.
The requirements and specifications of lest Unit 3 are summarized in Table V11.
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Figure 139 Condition of Hardface Seal
Surface of Test Unit 3 Before
Test (XP-84759)
Figurc 140 Condition of llardface Seal
Surface of Test Unit 3 After
Test (XP-9081 1 )
_..
	 ..__ .......K
Figurc 141 Condition of Hardface Seat
Surface of Test Unit 3 Before
Test (XP-83425)
Figurc 142 Condition of' llardface Seat
Surface of Test Unit 3 After
Test (XP-90810)
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I	 I	 HEATERS
AngUlar Location of Thrnrlacouhles and Heaters
Figure 143 Schematic of Rig Housing Showing Thermocouple and Heater Locations and
Temperatures
i
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D7
Angular Location of Bushing 7 hermocouples and (lousing T hermocuuplCs
I
	 THERMOCOUPLE
	 —	 TEMPERATURE AT SLTO I'F)
	 TEMPERATURE AT CRUISE I °FI
}1	 VANE T  Al	 615	 960
VANE T;C A7	 615	 965
SEAL T/C 81	 650	 1005
SEAL T!C 87	 570	 875
HOUSING TIC C1	 570	 890
HOUSING TIC C2	 540	 840
HOUSING TIC C3	 500	 780
BUSHING TIC DI 	 525	 815
BUSHING T I C 02	 530	 800
Figure 144 Schematic of Single-Bellows West Seal Showing 1 lhermocoul)le Locations and
Sample Temperatures (hiring F,ndurmice Testing
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Figure 145 Seal Seat Bearing Area After Test Showing Scoring (Load and Viewing Direc-
tions Indicated on Each Frame) (XP-90806, XP-90807, XP-90808, XP-90809)
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TABLE VII
OPERATING CONDITIONS AND REQUI1ZF.MENTS FOR
TEST UNIT NO. 3
CALIBRATION (14.5 HOURS)
Seal Pressure Differential Test Description
(psi)
20 - 135 07 points at rooT temp. 8nd 200 F 
40- 135 6 points at 4000 1' - 680 F
_
.
r 40- 120 5 points at 800 F
c . 60- 80 2 points at 1200°F 
60- 100 3 points at 10000F
:. 20- 135 7 points at room temperatures
^l
ENDURANCE
Cruise (20 hours)
Simulated vane loading 10 inch pounds ± I S% vibratory
Seal OP 135 psig at 12000F
Sea-Level Take-Off (20 hours)
Simulated vane loading 30 inch pounds ± 15% vibratory
Seal A p 60 psig at 6800E
SPECIFICATIONS
Bellows Seal Assembly
Nosepiece
Substrate
Surface treatment
Finish, multidirectional
Flatness, helium light bands
Bellows
Material
Spring rate (lbs/in)
Assembled compression (in)
Bello%%s Seal Seat
Material
Surface treatment (seal face)
Finish, multidirectional
Flatness, helium light band
"Rig air temperatures
**Not measurable due to non-reflectivity of surface
AMS 5665
Tungsten carbide
5-8 microinches AA before test, lightly second after
<I before test, not measurable after **
AMS 5 542
232
0.0227 - 0.0247
AMS 5663
Tungsten carbide
3 microinches AA before test, lightly scored after
<2 before test, not measurable after * *
•
b.	 'Test Unit 4
1 11 - 0ellows seal selected for this build was hardfaced with chrome carhide (Linde (LCIC) as
was the melting seal seat. The hardface surface on the bellows was lapped flat to 1 1leliu111
light band with a finish of I microinch arithmetic average. The seal seat was lapped to a flat-
ness less than 2 light bands with a finish of 3 microinches arithmetic average. The bellows
spring rate was measured to be 250 lb/in. and the assembly compression of the bellows was
0.022 to 0.028 inch. Clearance between the bushing and the vane sleeve was 0.003 inch.
The test unit was installed in the rig and underwent a calibration test program. Seal leakage cali-
bration curves are provided in Figure 146. It is apparent from the curves that some seal run-in
was required before the leakage fell below the design forecast of 0.00079 scfm at sea-level take-
off conditions. The vane actuation torque recorded at each of the test points is tabulated in
Table VII I. Like Test Unit 3, the actuation torque for Test Unit 4 was considered to be too
high.
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Figure 146 Seal Leakage Calibration on the Single-Bellows Vane Pivot Seal (Test Unit 4)
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TABLE VIII
CALIBRATION SCHEDULE AND ACTUATION TORQUE FOR TEST UNIT 4
Rig Air Temperature Seal Pressure Differential (psi)
(°F) 20 40 60	 80	 100 110 125
Room Temperature 8.3 9.0 9.0
	 11.6	 11.3 10.5 11.3
200 13.5 12.4 12.0	 9.0
	 8.3 7.5 8.6
400 9.5 8.5	 9.5
	 9.5 8.5 9.5
680 11.3 10.9	 13.1	 13.1 13.9 13.5
800 15.0 14.5	 13.0	 14.0 13.5
1000 3.6 3.7	 4.2
	 4.8 5.0
1200 4.4	 4.8
	 5.2
Room Temperature 19.5 15.0 15.5
	 15.5	 16.0 16.0 15.0
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Except for the runs at 1000°F and 1`_'00°F, the steady-state vane bending moment was 30 in-lb.
r For those two runs, the vane bending moment was reduCCd to 10 ill-11). In all rases, a vibra-
tory load oft 15 percent of the steady-state load was applied to the vane.
Upon completion of the test, the seal was disassenlhled and examined. It was noted that with
the reduced vane moment load it high temperatures, the contact areas on the vane sleeve and
bushing were less than the same areas of Test Unit 3. This was found to be true with Test
Units 5 and 6 also. Figure 147 shows the wear pattern on the vane sleeve. The wear pat torn
was typical of all units tested.
Profile traces taken axially along the sleeve journal and hushing journal revealed no nicasureable
wear ill 	 contact area, but did exhibit light scoring. Similarly, traces were taken across the
sealing surfaces of the seat and hollows assembly. Some grooves were evident in the bellows
face: they varied from 0.03 to 0.09 mils deep. A wear track approximately 0.050 mils deep
was noted Ill 	 seat. Figures 148 through 151 are pretest and posttest comparison photo-
graphs Of the sealing Surfaces of the bellows seal and seat.
Table V111 summarizes the requirements and specifications of Test Unit 4.
&	 TABLE IX
OPERATING CONDITIONS AND REQUIREMENTS FOR
TEST UNIT NO. 4
CALIBRATION (14.5 HOURS)
a, Seal Pressure Differential Vane Load
(psi) Test Description (in-lb)
20- 135
07 points at room temp. and 200 F* 30
40- 135 6 points at 4000F — 6800F 30
40- 120 5 points at 800 D 3040- 120 5 points at 1000 0F 10
60- 100 3 points at 1200 F 10
20- 135 7 points at room temperature 30
SPECIFICATIONS
Bellows Seal Assembly
Nosepiece
Substrate
Surface treatment
Finish, multidirectional
Flatness, helium light hands
Bellows
Material
Spring rate (lbs/in)
Assembled compression (in)
Bellows Seal Seat
Material
Surface treatment (seal face)
Finish, multidirectional
Flatness, helium light band
*Rig air temperatures
"Not measurable due to non-reflectivity of surface
AMS 5665
Chrome carbide
microinches AA before test, lightly scored after, wear track
0.000050 inches deep
1 before test, not measurable after**
AMS 5542
250
0.022 - 0.028
AMS 5661
Chrome carbide
3 microinches AA before test, lightly scored after 0.00003 to
0.00009 inches deep
<2 before test, not measurable after*'
PAGE No. 140
kPWA-4059
Figure 147	 Test Unit 4 Seal Seat Bearing Area Showing Scoring After Test (Load and
Viewing Directions Indicated on Each Frame) (XP-93267, XP-93268,
XP-93269, XP-93270)
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Figure 148 Condition of' l lardface Scal
Surface of Test t !nit -4 Before
Test (XP-90407)
Figurc 149 Condition of I lardface Seal
Surface of Test Unit 4 After
Test (XPN- I 1 13)
Fi l-'ure 150 Condition of flardface Seat
Surface of Test Unit 4 Before
Test (XP-83424)
Fit-T Ure 151 Condition of' llardface Seat
Surface of Test Unit 4 After
Test (XP-93"71 )
•
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2. SPHERICAL-SEAT VANE PIVOT SEAL
a.	 Test Unit 5
For the first spherical-seat test seal, the spherical seal and seal housing were coated with chrome
carbide (Linde LCIC). The spherical seat was made of high-temperature graphite (pure Carbon
Company 56 HT). This material was selected because the vendor specification showed it to
have good strength ,ind oxidation properties to 1200°F.
The spherical seal and seal seat were lapped as a 111atc11ed set. A pretest surface finish of 2 to
4 microinclies arithmetic average was achieved on tic spherical seal and a finish of 1.5 micro-
inches arithmetic average on the spherical surface of the seat. A pretest surface finish of 3
microinches arithmetic average and a Maness less than 1 helium light band was provided can tic
flat surface of the seat. There was no means available to measure the surface finish at the hale
Of the seal housing, but it was judged to be 5 to 10 imcrolnclles arithmetic average by visual
comparison. Figure 152 and 153 illustrate the pretest surface conditions of the spherical
seal and seat. Some slight taper was evident : , the vane sleeve, and the installed clearance
between the sleeve and bushing varied from 0.002 to 0.004 inch.
Figure 152 Condition of Hardface Seal Surface of Test Unit 5 Before Test (XP-92618)
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SPHERICAL SURFP,CE
FLAT SURFACE
l : igurc 153 Condition of Ilaniface Seat Surfaces (Spherical and Flat) of Test Unit 5 Before
Test (XP-92680, XP-92681)
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The test unit was installed in the rig and calibration tested. The performance of this seal de-
teriorated as the test progressed. The design forecast for this seal predicted a leakage of
0.0004 scfm at 135 prig. I t is apparent from the curves of Figure 38 that the unit's ability
to seal never approached the predicted value and deteriorated as the testing progressed. Two
explanations can be put North: as the carbon seat began to oxidize and wear, the debris col-
lected as sm dl accunIulations of carbon between tite sealing surfaces, creating an air gap any'.
providing a leakage path. Another possible explanation is that the seat failed to find a positive
sealing position with the spherical seal when the vane was cocked under the bending moment.
This situation was suggested when the second spherical seal (Test Unit 6) was calibrated and
endurance tested. In view of the rapid deterioration in the seal's performance, the test program
was discontinued after the calibration run. Table X shows the vane actuation torques re-
corded at each of the test points. Like the actuation torques for the single-bellows seal, the
actuation torques for the spherical-seat seal were considered to be too high. The steady-state
vane load was kept at 30 in-lb, except for the runs at 1000°F and 1200'F, where it was re-
duced to 10 in-Ib.
Figure 154 Air Leakage Past the Spherical-Seat Vane Pivot Seal (Test Unit 5)
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TABLE X
CALIBRATION SCHEDULE AND ACTUATION TORQUE FOR TEST UNIT 5
Rig Air Tenipera t Lire Seal Pressure Differential ( psi)
(°F) 20 40 60 80 100 120 135
Room Temperature 15.0 15.0 15.0 15.0 15.0 15.5 16.0
200 13.5 14.0 13.0 13.5 13.0 14.0 13.5	 -
400 13.0 13.5 12.5 12.5 13.0 13.0
680 11.5 14.0 14.0 14.0 14.0 15.0
800 14.5 16.5 17.0 17.0 17.0
1000 6.3 7.5 6.0 6.0
1200 6.0 4.5 4.5 4.5
Room Temperature i4.5 14.5 14.5 15.0 16.0 16.0 16.0
After testing the seal was disassembled for inspection. It was immediately evident that the car-
bon spherical seat had oxidized on the sealing surfaces. Wear losses amounted to 0.16 mil in
the flat surface and 0.10 nail on the spherical surface, which also was grooved. Posttest surface
nuasurcnnents showed that the flat surface had a finish of 12 to 36 microinches arithmetic
average, while the spherical surface had a finish of 6 to 22 microinches arithmetic average.
Tile spherical seal had picked up approximately 0.1 2 mil of carbon material from the mating
seat. The posttest surface finish of the seal was fOLInd to be 2 to 1 1 microinches arldiematic
average. No wear was apparent on this surface. Figure 155 shows views of' the seat, and Figure
156 shows the seal. Table XI provides a summary of the test conditions and specifications.
t
SPHERICAL SURFACE	 FLAT SURFACE
Figure 155 Condition of l lardface S(-at Surfaces (Spherical and Flat) of Test Unit 5 After
Test (XP-9530, XP-93532)
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Figure 156 Condition of I lardface Seal Surface of Test Unit 5 After Test (XPN-210)
TABLE XI
OPERATING CONDITIONS AND REQUIREMFNTS
FOR TEST UNIT 5
CALIBRATION (17.75 HOURS)
Seal Pressure niffe. itial
(psi)
20 — 135
40 — 135
40 — 120
40 — 120
60— 100
20 — 135
SPECIFICATIONS
Spherical Seal
Substrate
Sarface Treatment
Finish (microinches)
Wear (mils)
Seat Spherical Surface
Material
Finish (microinches)
Wear (mils)
Seat Flat Surface
Material
Finish k..ucroinches)
Flatness (Helium light bands)
Wear (mils)
Seal Housing
Substrate
Surface Treatment
Finish (microinches)
Vane Load
Test Description	 ( i n-l b)
0
7 points at room temp. and 200 F	 30
6 points at 4000 680 F	 30
5 points at 800	 30
5 points at I0000F	 10
3 points at 1200 F	 10
7 points at room temperature 	 30
AMS 5665
Chrome Carbide
2 — 4 AA before test, 2 -- I I AA after test
0.12 material buildup
Graphite, Pure Carbon Company 56HT
1.5 AA before test, 6— 22 AA after test, with deeper grooves
No measureable wear
Graphite, Pure Carbon Company 56HT
3 AA before test, 12 — 36 AA after test
Less than 1 before test, not measureable after test
	 11
0.16
AMS 5646 SST
Chrome Carbide
5 — 10 AA before test, approximately same after test
r
.t
1
i
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b.	 Test Unit 6
For the second spherical-seat seal. th ^^ seat was made of AMS 5387, a cobalt-base alloy. Tile
seat rubbed against a tungsten carbide ilardcoat deposited oil
	 spherical seal and the seal
housing. As with Test Unit 5, the seal and seat were lapped together as a matched set. The
pretest surface finish on the seal was 5 inicroinches arithmetic average, while that oil
	 seat
was 1.5 inicroinchcs arithmetic average. The flat surface oil
	 seal seat was lapped to a
finish of 3 nlicroinches arithmetic average and a flatness less than 1 helium light band. The
llardfaces surface in the seal (lousing was approximately 15 to 16 nlicroinches arithmetic
average by visual comparison. The clearance between the vane sleeve atld the bi ► shing was
0.002 inch.
Although Test Unit 6 provided somewhat better sealing than Test Unit 5, its perforni.ince
was still not close to the predicted leakage of 0.0004 scfnl at 135 psig. Seal actuation torquc
remained e xcessively high. The total running time of the seal durin g calibration was 13.25
hours. Table Xii and Figure 157 summarize the results of the calibration testing.
TALE XI 
CALIBRA T ION SCHEDULE AND ACTUATION TORQUE FOR TEST UNIT 6
Ri g Air Temperature Scal Pressure Differential (psi)
( 0 F) 20 40 00 80 100 120 135
hoonl Temperature 12.8 12.0 1	 1.3 12.5 1 2.5 13.0 13.0
200 13.5 13.0 13.5 12.5 13.0 14.0 14.0
400 12.0 12.0 13.0 14.0 15.0 15.0
680 13.5 13.5 15.5 18.5 20.0 20.0
800 18.0 17.3 17.3 17.3 18.0
1000 4.0 4.0 4.0 4.0
1200 4.1 4.1 4.1 4.8
Room Temperature 18.5 19.0 20.0 20.0 21.0 23.1 22.8
It was front the endurance test of this seal that the inahility of the seat to properly align with
the seal and prevent leakage became ap parent. It can be seen from the endurance data (Fig-
Lire 158) that the seal performance was most erratic at sea-level take-off conditions, when the
bending moment was greatest. At cruise conditions, with a relatively low bell6iilg illolllent,
the seal performance was fairly steady, with a relatively low leakage.
The curve drawn through the sea-level take-off data points represents a limited computer ef-
fort to find an equation which best describes the test data. The equeion thus determined
was:
Y = (' i + C2 ex +C 3  x
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Figure 157 Air Leakage Past the Spherical-Seat Vane Pivot Seal (Test Unit 6) DUrin,"
Calibration Testing
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Figure 158 Air Leakage Past the Spherical-Seat Vane Pivot Seal (Test Unit 6) During
Endurance Testing
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where
Y	 = seal leakage in scfnn
x	 = time in hours
C	 = 7.43316 x 10-2
C2 = 4.12958 x 10 -1 2
C 3 = 2.37885 x 10-3
Figure 159 is a plot of the vane actuation torque recorded during the endurance test. Com-
pared with the actuation torque for the single-bellows seal (shown in Figure 138) there is not
inurh inuiprovenicnt. Figure 160 is a sketch of .he spherical seal assembly showing thermo-
cou»Ie locations and representative temperatures recorded during the endurance test.
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Fi gure 159 ACRIation Tor(pie for the Sl)herical-Scat Vane Pivot Seal (Test Unit 6)
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Figure 160 Schematic of Spherical-Scat Test Seal Showing Thermocouple Locations and
Sample Temperatures During Endurance Testing
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After testing, the unit was disassenibled and examined. Light scoring was evident on Al seal-
ing surfaces. Surface traces revealed a wear track on the spherical seal 0.14 niil deep. The
mating surface on the slot was more scored than evenly worn. The deepest score mark was
0.14 mil deep. Some loose debris had also collected on this surface — an indication that an
air gap existed during test. A wear track on the flat surface was approximately 0. 15 mil
deep. Figure 161 shows the spherical seat and Figure 162 shows the spherical seal. Table X111
provides a summary of the operating conditions and specifications for Test Unit 6.
VW
SPHERICAL SURFACE 	 FLAT SURFACE
Figure 161 Condition of 1lardface Seat Surfaces (Spherical and Flat) of test Unit 6 lifter
Testing (XP-03529, XP-93531
Figure 162 Condition of FFardface Seal Surface of Test Unit 6 After Testing (XPN-212)
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TABLE XIII
OPERATING CONDITIONS AND REQUI REMENTS
FOR TEST UNIT 6
CAI IBRATION (13.25 HOURS)
Seal Pressure Differential ,ine Load
(psi) Test Des( ription (in-lb)
20 — 135 7 points at room temp. abed 200 0F* 30
40 — 135 6 points at 400 F — 680 F 30
40 — 120 5 points at 800 9 30
70 -- 120 5 points at 10000 F 10
60 — 100 3 points at 1200 F 10
20 — 135 7 points at room temperature 30
Endurance
Cruise (20 hours)
Simulated vane loading 10 inch pounds	 vibratoryo15%
Seal AP 135 psig at 1200 F
Sea-Level Take-Off (20 hours)
Simulated vane loading 30 inch pound ±15% vibratory
Seal Al' 60 psig at 680 F
SPECIFICATIONS
Spherical Seal Assembly
Sperical Seal
Substrate AMS 5665
Surface Treatment Tungsten Carbide
Finish, microinches 5 AA before test, I — 6 AA & light scoring after test
Wear. inches 0.00014
Spherical Seat
Material AMS 5387, cobalt base alloy
Spherical Surface
Finish, microinches 1.5 AA betore test, 16 AA after test
Wear, inches 0.00014 (deepest score mark)
Flat Surface
Finish, microinches 3 AA before test, 4 — 7 AA after test
Flatness, helium light bands <1 before test, not measureable after test
Wear, inches 0.00015
Seal Housing
Substrate AMS 5646 SST
Surface Treatment Tungsten Carbide
Finish, microinches 15 — 16AA before test, not measureable after test
NI
* Rig air temperatures
** Not measurable due to non-reflectivity of surface
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I^. TORQUE ANALYSIS
Experimental restilts showed that the actuation torque of the vane pivot seal was higher than
had been exp.:cted. Therefore. the torque conditions in file seal were analyzed to obtain ,in
explan ation for the test results. It was found that there were three factors Coll trihliting to
the high actuation torque: the seal face load caused by the compression of the bellows, the
thrust-collar load caused by the pressure differentials, and the journal loads caused by the
applied moment.
The friction coefficients used in calculating the torques caused by the seal face load and the
thrust-collar load were obtained from a publication of the Linde Corporation. The friction
coefficient used to calculate the torque caused by the moment load was obtained from data
generated at Pratt & Whitney Aircraft. Torques calculated for both cruis,^ conditions and
take-off conditions agreed reasonably well with the test results, considering the inaccuracies
involved in choosing friction coefficients and the location of the applied 111milc nt.
1. NOMENCLATURE
b = bellows deflection (inches) µTC = friction coefficient at thrust
K =	 bellows spring rate (lb/inch) collar
F =	 seal face load (lb) µM =	 friction coefficient at journal
FTC =	 thrust collar- load ( lh) r = radiusat which F a acts (inches)
FM = journal load ( lb) rTC = radius at which F TC acts (inches)
p 13 =	 friction coeficient at seal face rM = radius at which F M
 acts (inches)
M = applied moment (in-lb)
2. ACTUATION TORQUE FROM SEAL FACE LOAD
Materials: Tungsten Carbide versus Tungsten Carbide
Cruise and takeoff
S = 0.025 inches
K = 232 Ih/1n
F a = KS = 5.8 lb
Friction Force (FFl ) = µ l; F a = 0.3 x 5.8 = 1.74 lb
Friction Torque = F' r a = 1.74 x 0.2 = 0.348 in-lb
3. ACTUATION TORQUE FROM THRUST COLLAR LOAD
Materials: Chromium carbide versus cobalt alloy (AMS 5387)
FTC = A OP
A	 = 7T r 22	 = 0.125 i112
PAGE NO. 1 a4
PWA-4059
('ruise
Al l = 60 psi
FTC = 0.125 x 60 = 7.5 lb
Friction Force (FTC ) = µ TC FTC = 0.2 x 7.5 = 1.5 lb
Friction I orque = FTC rTC = 1.5 x 0.27 = 0.405 in-lb
Takeoff
AP = 135 psi
FTC = 0.125 x 135 = 16.9 Ih
Friction Force = 0.2 x 16.9 = 3.38 Ih
Friction Torque = 3.38 x 0.27 = 0.915 in-lb
4. ACTUATION TORQUE FROM APPLIED MOMENT
Materials: Cobalt Alloy (AMS 5387) versus Inconel 718
The applied moment was resisted by the couple formed by F M . The location at which I'M
acted was determined by examining the sleeve after test. A sketch of the pivot asscmhly
is shown in Figure 163, and the contact area is shown in Figure 164.
C rnise
Applied load at end of rod = 1.67 lb
Moment arm = 6.3 inches
Moment Load (M) = 1.67 x 6.3 = 10.5 in-lb
M	 10.5
FM - 0.457 = 0.457 = 23 lb
Friction Force (FM) = µr1 F M = 0.6 x 23 = 13.8 lb.
Friction Torque = 2 x Fm rM = 2 x 13.8 x 0.254 = 7.0 in -lb.
Takeoff
Applied load at end of rod = 5 lb
Moment Load = 5 x 6.:' = 31.5 in-lb
1
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FigUre 163 Loads on the Single-Bellows Vane Pivot Seal
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M
FM11
0.457 = 69.0 II).
Friction Fore = 0.6 x 69 - 41.4 lb
Friction Torque = 2 x 41.4 x 0.254 = 2 1.0 in-Ih.
Friction coefficients and torque values are summarized in Table XIV.
'FABLE XIV
FRICTION COEFFICIENT AND FORQUE
CRIi,e I ike -011
Torque To-.	 .e
µ (in-lb) µ (in-lb)
Seal 0.3 0.348 0.3 0.348
Thrust Collar 0.2 0.405 0.2 0.915
Journal 0.6 7.0 0.6 21.0
Total 7.753 22.263
Test Results 5 (approx.) 18 (approx.)
Results indicate that the applied momen,' is the most significant contributor to the actuation
torque. Since baseline tests (lid not include a moment load the actuation torques are con-
siderably lower. As shown in Table XIV, the increased torques and the calculated torques
agree reasonably well.
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LIST OF SYMBOLS
adiameter to inner toroidal center of OC diaphragm seal (inches)
diameter to outer toroidal center of OC diaphragm seal (inches)
surface flatness (hJiunl light bands)
diameter to semitoroidal center of OC diaphragm seal (inches)
radial clearance between rotor and seal ring (inches)
labyrinth discharge coefficient (dimensionless)
orifice discharge coefficient (dimensionless)
orifice discharge coefficient (dimensionless)
radial clearance or manufactured (inches)
intllle ► lce coefficients associated with an
influence coefficients associated with O n
influence coefficients associated with U n
influence coefficients associated With V n
dainping rate (Ib-sec/in/in of circur)lference)
-. • : I rrier, seal ring, and runner displacenrent respectively (inch)
force moment arms (inch)
diameter (inches)
nlodulus of elasticit} (lb/in 2 )
seal face load (Ibs)
journal load (lbs)
surn of horizontal pressure forces on segment (Ibs)
helical coil spring force (lb/in)
suns of vertical pressure forces or segment (lbs)
thrust collar load (lbs)
C and O diaphragm spring reactions (lb/in)
friction force (lbs)
coefficient of friction (dimensionless)
carrier axial pressure load (lb/in)
carrier radial pressure load (lb/in)
net gas force change due to tolerance @ take-off (lbs)
net gas force change due to tolerance @ cruise (Ibs)
force vectors (lb/in)
modulus of rigidity (lb/in 2 ), shear niodulus of elasticity (lb/in 2 )
orifice flow (dimensionless) = n1\/^/n a2 pnCd
area moment of inertia (in')
thermal conversion factor = 12 x 778 (in-lb/Btu)
bellows spring rate (lb/in)
static gas fil ►n stiffness (lb/in/in)
axial gas film stiffness (lb/in/in)
axial gas film stiffness per unit area (lb/in/in 2 )
bending stiffness of seal ring = El (in-lb/in-radian)
R2
Upper Case Symbols
A
B
B
C
C
C
C 
Ca
Cm
CA 1, CA2
CB1, 0112
Cu 1 I Cu 2
C  1 C  2
C1
C 19 C 2 , C3
C 1 *. C5
D
E
F
FM
FS
FS
FvFTC
Fsl ' Fs2
Ff
Ff
F^^
FY
Fri
Fr2
17 1 1 F 2 , F 3 .... Fx , Fy
G
G
J
K
KS
K
^S
KS
K*
r
..
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K* SS
K 1 , K2 . K3
K2
K3
L
L
M
M,M15M2....etc
M
M ^^
M C
Mk
Mres
N
Q.Q1•Q2
Q
R
R
R.
R ^^
R m SEAL
R'
S
T. T 1 , T 2 , etc.
T
T
Ts
AT
U
V
As	 V
W ' W l' W2 W 3' W4
W, W W2
X
X 1 , X 2 , X 3 ....
X 1
 , X 2 , X3
Y
Y
Z
OC diaphragm stiffness (lb/in/in)
spring constants (lb/in)
spring diaphragm stiffness (lb/in)
gas film stiffness (lb/in)
width of flow path (inches)
air film shear = µ(U/h0
applied moment to simulated vane (in-1h)
moment (in-lb/in)
residual moment due to "C" diaphragm tolerance (in-lbs/in)
residual moment due to "O" diaphragm tolerance (in - Ibs/in )
combined residual moment due to tolerance = M + M (in-lb/in)
carrier residual moment On-lb/in)
residual moment (in-lb/in)
rotor speed (RFM)
weight flow rate (lb/sec)	 12 µ RT
seal leakage flow rate (dimensionless) _ 2	 Q3
gas constant (in 2 /° R-sec t )	 1' I1
radius (in.)
seal inner radius (inch)
seal outer radius (inch)
mean radius of thrust collar and seal (inch)
R.+R
mean radius of seal = 	 (inch)
seal ring radius (inches)
temperature (°R or °F)
tension load (Ib)
actuation torque (in - lb)
surface temperature of rotor (°F)
surface temperature of segment (°F)
temperature change across thickness ('F)
velocity (in/sec)
mean-velocity in vibration excursion (ft/sec)
volumetric flow (SCFM)
seal or bearing reactions (Ib/in)
dimensionless seal or bearing loads
coordinate axis
tolerance dimension (inches)
displacement (inches)
coordinate axis
outside diameter of OC seal primary face (inches)
coordinate axis
PAGE NO. 165
•PRATT & WHITNEY AIRCRAFT
Lower Case Symbols
a
a
a
a
n
a
r
aS
b
b i ... h^
c
C i , c 2 , c3....
d
f
g
g
11,11 	 h i ....etc
limin
11 T min
1111 min
h R NI
kf
kS
I
m
m i , n12
m3
mi
1112
n
n
P, PC, p 2 .... etc.
Pi
orifice radius (inches)
1/2 length of shoe segment of 3.6 inches (inches)
thermal coefficient (in/in/° F)
angular runner deformation (radians)
thermal expansion coefficient of rotor (in/in--°F)
thermal expansion coefficient of segment (in/in-°F)
leakage flow path length (inches)
width dimension (inches)
pad length (inches)
segment pressure force moment area (inches)
distance from c diaphragm edge to seal face (inches)
friction coefficient (dimensionless)
gravitational constant (in/sect)
mass flow through double knife edge (lbs-sec/in.)
I'iliii thickness (inches)
1111111111un1 gas film thickness (inch)
combined mode minimum film thickness (inch)
minimum film thickness resulting from residual moments (inch)
mean film thickness resulting from residual moments (inch)
ratio of air specific heat
stiffness of air film (Ib/in)
support stiffness (Ib/in)
net change in axial film thickness (inches)
mass flow per unit length (lb-sec/in 2 )
mass flow through leakage path at downstream and upstream
sections per orifice, respectively (lb-sec/in)
mass flow rate through orifice (lb-sec/in)
carrier mass ( lb-sec t /in)
seal ring mass (lb-sec2/in)
number of orifice holes
operational mode (1, 2, 3, ... etc)
pressure (psi)
intermediate step pressures (psi)
4
I
Pi
p.	 arbitrary pressure in equation r id _ —
^ 
q	 heat generation (Btu/unit time)
r 
	
radius at which F  acts (inches)
r M	radius at which FM acts (inches)
r T C	 radius at which FTC acts (inches)
rid	 pressure ratio = pi/pj
pi	 Pi
_ii , r ig	 pressure ratio defined by — and — , respectivelypi	 P2
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thickness (inches)
t radial depth of segment (inches)
u axial thermal displacement (inches)
II I transverse seal ring displacement (inches)I
11 transverse carrier d:^,placement Onclies)2
LI dynamic seal ring transverse response to runner deformations
an and En (Inches)
v radial thermal displacement (inches)
v vena contracts coefficient (dimensionless)
w flow rate (lb/sec)	 Xc
x dimensionless center of pressure =
X* centroid, x coordinates (inch 1
	 b
x center of pressure = bx C (inches)
x^ centroid, x coordinate (in)
X 1 , x 2 , x 3 rigid body displacements (inches)
y } distance from seal face to primary element centroid (inches)
y centroid "Y" coordinate (inches)
y l , y 2' y3 force moment arms (inch)
F^
w,
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Creek Symbols
a
a
an
On
b
b
S
b
bh
bC
6 
bn
b 
r,
bt
E
En
T
T r,
0
0
V
V 1 ,v2
v^^
v n^ v,2
P
µB
^M
µ TC
2
Pv) ► 'P2.....
a 
at
w
W n
seal tilt angle (radians)
coefficient of thermal expansion (in/ mIl"F)
dynamic seal ring angular response to runner deformation c 11
and b
n
static seal ring angular response to seal ring deformation Try
and i7n
ther► m ► I radial mismatch (inches)
initial transverse deformation of rotor surface (inches)
bellows deflection (inches)
carrier excursion (inches)
radius increase due to thermal bowing (inches)
centrifugal growth (inches)
frequency amplitude (inches)
dynamic seal ring transverse response (inches)
nth component of dimensionless, initial transverse rotor
deformation.. (inches)
differential growth due to temperature and material differences
(Inches)
initial angular rotor deformation (radians)
nth component of initial angular rotor deformation (inches)
initial angular deformation of seal ring (radians)
nth component of initial angular deformation of seal ring (inches)
seal tilt angle due to restraining effect of OC springs (radians)
angle of carrier rotation (radians)
frequency (rad/sec)
critical system frequency (rad/sec)
operating frequency (rad/sec)
natural frequencies of flexible seal ring (rad/sec)
bearing compressibility number, 6MVb/ph2
viscosity (lb-sec/in 2 )
friction coefficient at seal face
friction coefficient at journal
friction coefficient at thrust collar
mass density of the upstream gas (Ib-sec t /111 4 )
angular deflection of seal (radians)
mass density (lb-sec t
 /in 4 )
bending stress of C diaphragm (psi)
direct stress of C diaphragm (psi)
net angle between rotor and seal ring (radians)
angular speed (rad/sec)
ratio of unit dynamic load to film stiffness (dimensionless)
t
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